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e Survivable Flight Control System (SFCS) Program is an advanced development 
program of' vhich the principal. objective is the development and flight test demon-
strati on of' an SFCS utilizing ,l'ly-:~Y-Jilire and ,Integrated ,.A'ctuator J ackage · techniques. 
The studies and analyses conducted to date have sufficiently defined the system re-
quirements to provide a definition ~an approach to the implementation of the SFCS. 
The results of' these studies and the definition of the approach are p~esented in the 
baRic report. Details of the Control Lav Development, and Hydraulic Power Actuation 
studies are presented in report supplements 2 and 3, respectively. The results of 
the Control Criteria studies are presented in this supplement l ' 

. . I ) . 

With the introduction of highly augmented fljght control systems~d fly-by-wire 
systems such as the SFCS, increased concern over the adequa~y of existing handling 

~ -
qualities specifications and performance criteria have been expressed. As a result, 
a control performance investigation has been conducted in an attempt to define both 
the longitudinal and lateral-directional short period performance criteria require-
ments, and determine if the control laws should be based on mission modes or tasks 
rather than the traditional short period handling qualities and control techniques. 

Based on an extensive literature survey and a preliminary analysis, three candidate 
~ time history performance criteria were proposed. These were a normalized blend of 

pitch rate and normal acceleration, or C*, for the pitch axis; a blend of roll rate 
r~ 
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13. ABSTRACT (CONTINUED) 

and roll acceleration for the roll axis; and a blend of lateral acceleration 
and sideslip» or D*, for the directional axis. 

In order to verify the above candidate criteria, a six degree-of-freedom, 
fixed base, large amplitude piloted simulation was conducted. The basic 
approach was to define the minimum level of acceptable handling qualities 
by systematically evaluating various flight control system configurations 
and mission modes. Specifically, the following parameters were varied: 
time delays, time constanti;, nonlinearities, higher order effects, adverse 
or proverse yaw, and decoupled lateral-directional dynamics. In addition, 
the mission modes included low altitude high speed instrument tracking, weapon 
delivery (bomb run), reconnaissance, ground attack (strafing run) and air- 
to-air combat. The performance indicators and system effectiveness metrics 
included pilot comments, Cooper-Harper ratings, pilot effort index, time his- 
tories, and statistical data in the fonn of figures of merit, histograms and 
cumulative distributions. 

Documentation data from the control performance analysis and simulation 
studies resulted in slight modifications to the candidate criteria boundaries. 
Moreover, the results of this study indicate that performance criteria, ex- 
cept possibly for specialized tasks such as air-to-air refueling and landing, 
need not be based on mission modes, but rather on the short period handling 
qualities presented in this report. 
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ABSTRACT 

The Survivable Flight Control System (SFCS) Program is an aavanced develop- 
ment program of which the principal objective is the development and flight 
test demonstration of an SFCS utilizing Fly-By-Wire and Integrated Actuator 
Package techniques. The studies and analyses conducted to date have suffi- 
ciently defined the system requirements to provide a definition of an 
approach to the implementation of the SFCS. The results of these studies and 
the definition of the approach are presented in the basic report. Details of 
the Control Law Development, and Hydraulic Power Actuation studies are pre- 
sented in report supplements 2 and 3, respectively. The results of the 
Control Criteria studies are presented in this supplement 1. 

With the introduction of highly augmented flight control systems and fly-by- 
wire systems such es the SFCS, increased concern over the adequacy of exist- 
ing handling qualities specifications and performance criteria have been 
expressed. As a result, a control performance investigation has been con- 
ducted in an attempt to define both the longitudinal and lateral-directional 
short period performance criteria requirements, and determine if the control 
laws should be based on mission modes or tasks rather than the traditional 
short period handling qualities and control techniques. 

Based on an extensive literature survey and a preliminary analysis, three 
candidate time history performance criteria were proposed. These were a 
normalized blend of pitch rate and normal acceleration, or C*, for the pitch 
axis; a blend of roll rate and roll acceleration for the roll axis; and a 
blend of lateral acceleration and sideslip, or D*, for the directional axis. 

In order to verify the above candidate criteria, a six degree-of-freedom, 
fixed base, large amplitude piloted simulation was conducted. The basic" 
approach was to define the minimum level of acceptable handling qualities by 
systematically evaluating various flight control system configurations and 
mission modes. Specifically, the following parameters were varied: time 
delays, time constants, nonlinearities, higher order effects, adverse or 
proverse yaw, and decoupled lateral-directional dynamics. In addition, the 
mission modes included low altitude high speed instrument tracking, weapon 
delivery (bomb run), reconnaissance, ground attack (strafing run)  and air-to- 
air combat. The performance indicators and system effectiveness metrics in- 
cluded pilot comments, Cooper-Harper ratings, pilot effort index, time 
histories, and statisticeLL data in the form of figures of merit, histograms 
and cumulative distributions. 

Documentation data from the control performance analysis and simulation 
studies resulted in slight modifications to the candidate criteria boundaries. 
Moreover, the results of this study indicate that performance criteria, ex- 
cept possibly for specialized tasks such as air-to-air refueling and landing, 
need not be based on mission modes, but rather on the short period hpruiling 
qualities presented in this report. 
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SECTION I 

INTRODUCTION AND SUMMARY 

The Survivable Flight Control System (SFCS) Program is a flight control 
advanced development program "being conducted primarily by MCAIR under contract 
to the Air Force Flight Dynamics Laboratory. The principal objective of this 
program is the development and flight test demonstration on an ?-h  aircraft 
of a Survivable Flight Control System utilizing fly-by-wire and power-by-wire 
techniques. 

Recent combat experience has shown that relatively minor damage, in the form 
of small arms fire, can result in aircraft loss due to loss of control. This 
is brought about by either hits in the hydraulic distribution system which 
drain the fluid, or hits which sever or Jam the non-redundant mechanical 
flight control linkages. The power-by-wire concept of integrating electric 
motor driven hydraulic pimps with the surface actuator reduces system vul - 
nerability through elimination of dependence on long exposed runs of hydrau- 
lic plumbing. The fly-by-wire concept of redundant and physically dispersed 
electrical control channels improves survivability by eliminating the single- 
failure points of the conventional mechanical control linkages. 

The SFCS Program is being performed in two phases. Phase I, which included 
flight test evaluation of a Simplex integrated actuator package, has been 
completed and is documented in Reference 1. The Phase II program and objec- 
tives are illustrated by Figure 1, and include the development and flight 
test evaJLuation of a flight control system employing fly-by-wire and power- 
by -wire concepts. 

Studies and 
Analyses 

F-4 Aircraft 
Modifications 

Laboratory 
Tests 

Flight 
Testing 

Establish Confidence 
by Demonstrating 
Safety and 
Reliability 

Provide Data and 
Criteria for Future 
Flight Control 
Systems 

FIGURE 1 

PHASE H - PROGRAM AND OBJECTIVES 

F-4 WITH SURVIVABLE FLIGHT CONTROL SYSTEM 



Fly-by-wire (FBW) is a primary flight control system which uses an electrical 
signalling path to provide the desired aircraft response to pilot commands, 
without a mechanicr.1 connection between the cockpit controller and the control 
surface actuator. It can incorporate aircraft motion sensors such that air- 
craft motion, rather than control surfrce position, is the controlled variable. 
To be accepted by "he aerospace industry as more than a research tool, the 
reliability of the FBW system must meet or exceed the reliability of the 
mechanical system it is replacing, while shewing advantages in other areas. 
The benefits foreseen for an FBW system include: 

o Enhanced survivability 

o Superior aiming, tracking, an! weapon delivery 

o Reduced pilot workload 

o Flight control design and installation savings 

o Decreased cost of ownership 

o More airframe design freedom 

Power-by-wire (Pi^W) is the transmission of power from the aircraft engines to 
the flight control surface actuators by electrical rather than hydraulic 
means. Hydraulic power is generated by electric motor driven hydraulic 
pump(s) integral to the actuators. Power-by-wire equipment has been called 
"integrated actuator packages" in this country, and simply "packaged 
actuators" in England. 

The redundancy and dispersion of a fly-by-wire system and the get-home-and- 
land capability provided by an actuator with an emergency-only electric motor 
driven pump could be combined to provide a measurable improvement in flight 
control survivability. An T-k  Simplex Actuator Package with this emergency- 
only PBW capability was successfully flight tested in Phase I of the SFCS 
Program, with results reported in Reference 1. However, a survivable flight 
control system requires use of power-by-wire integrated actuator packages 
which are capable of full-time operation independent of the aircraft central 
hydraulic systems and their exposed plumbing. The Survivable Stabilator 
Actuator Package (SSAP) to be flight tested in Phase IIC of the SFCS Program 
will be a duplex PBW actua : capable of full-time operation throughout the 
F-l* flight envelope. The SSAP will be controlled by the fly-by-wire system 
installed and flight tested in Phases IIA and IIB of the program. 

The location of the fly-by-wire system components, the SSAP, and the other 
SFCS equipment in the ?-h  test aircraft is shown in Figure 2. 

The results of the SFCS studies and analyses to date, and the definition of 
the SFCS approach are presented in the basic report. The details of the 
Control Criteria Studies are presented in tnis supplement. The details of 
the Control Law Development, and Hydraulic Power and Actuation Studies are 
presented in report supplements 2 and 3, respectively. 
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SECTION II 

GENERAL 

Past programs for development of longitudinal and lateral-directional handling 
qualities have been directed toward establishing limiting values of tradi- 
tional performance parameters (frequency, damping, time constants, etc.) 
which pilots feel are consistent with desired levels of precision and control 
during maneuvering flight. The work performed to date, which has been used 
to update applicable military specifications has been directed mainly toward 
the specification of handling qualities for aircraft which did not include 
the use of aircraft motion feedbacks in the primary flight control mode. 
With the introduction of highly augmented flight control laystems and fly-by- 
wire systems such as the SFCS, increased concern over the adequacy of exist- 
ing specifications and performance criteria has been expressed. As a result, 
a control performance investigation has been conducted in an attempt to 
define short period performance criteria requirements for the SFCS. Perfor- 
mance criteria which are expressed in the time domain and functionally com- 
bine the high and low speed transient characteristics desired by the pilot 
were investigated and results of the associated effort are presented in this 
report. Applicability to future FBW designs was one of the objectives of 
the study effort and it was determined that if the formulated criteria is 
not explicitly dependent on traditional airframe parameters, its use could 
be applicable to advanced designs. Multi-loop systems of this type will 
cause significant masking of the basic airframe characteristics and further 
divorce the fighter aircraft transient response characteristics desired by 
the pilot for specific inputs, from conventional control surface usage. 
Since candidate criteria developed during this investigation are an expres- 
sion of fighter pilots' desired handling quality requirements, and are not 
dependent on airframe characteristics or flight control system mechanization, 
they are applicable to future SFCS designs. The specific goals and objec- 
tives of the investigation were to: 

1. DEFINE SFCS HANDLING QUALITY REQUIREMENTS BY INVESTIGATING: 

a. to what degree C* handling qualities criteria is compatible with the 
required mission loop closures 

b. how higher order and nonlinear characteristics affect application 
of C* criteria 

c. if lateral-directional handling and flying qualities can be incor- 
porated into a new criterion 

d. if control laws should be based upon mission modes or tasks rather 
than the traditional short period handling qualities and control 
techniques 

e. if interaxis coupling is desirable and if so to what degree. 

2. ESTABLISH A BASIS OF MINIMUM PERFORMANCE REQUIREMENTS FOR PILOT ORIENTED 
CLOSED LOOP STABILITY AND CONTROL. 

fmm PAGE BUMR 



3.  ESTABLISH THREE AXIS FLIGHT PATH COHTROL PERFORMANCE REQUIREMENTS FOR 
GUNHERY AND BOMBING AIMING ACCURACIES BY: 

a. analytically defining, formulating and studying the parameters which 
significantly affect tracking stability and weapon delivery precision. 

b. evaluating compatibility of C* criteria and lateral-directional 
criteria with mission tasks. 

• 
■ • 



SECTION III 

BACKGROUND 

1. MISSION MODE FUNDAMENTALS 

Mission mode dynamics can be considered in terms or an equivalent block 
diagram in which three serial elements consisting of the weapon platform 
(airframe and SFCS), the mission mode outside geometry with inside dis- 
plays, and the pilot, form a "closed loop" which functionally performs 
the mission mode tasks such as tracking, terrain following, preciPion 
flying, etc. Successful accomplishment of these tasks involves aa.quate 
stability and speed of response of the closed loop dynamics which in turn 
places individual requiranents on each of the three serial elements. In 
the past, some weapon systems which did not have adequate displays and/or 
weapon platform dynamics, have relied heavily on pilot adaptibiiity and 
skill for closed loop compensation and accompliphment of the stated 
mission objectives. This technique has a tendency to increase pilot \ ^rk 
and also requires extensive training of pilots to perform specific tasks 
to required accuracy. Current interest in mission '.iode concepts is re- 
lated to the relaxation of superior pilot skill requirement with more em- 
phasis on improvement of remaining two elements in the closed loop. The 
subject of this report addresses itself to this closed loop problem and 
utilizes analysis tools such as the Improved Model for Aerial Gunnery 
Effectiveness (IMAGE) computer program and hybrid man-in-the-loop simula- 
tion for investigation of platform dynamics to establish candidate cri- 
teria in the time history domain. 

2. LITERATURE SURVEY 

The performance criteria investigation was initiated with a literature 
survey of available information to determine the applicability of subject 
results toward the accomplishment of the outlined objectives. It was 
found that fighter aircraft handling quality characteristics as provided 
by standard flight control systems were adequately covered in the liter- 
ature. In comparison, a noticeable absence was evident of information 
pertaining to highly augmented aircraft, flight control systems and their 
handling and flying characteristics. Only a few articles discussed non- 
traditional types of criteria such as those formulated in frequency 
response or time history response domains. 

Appendix I presents a bibliography of articles which were reviewed during 
the course of this study and a few are presented in summary form. A 
number of articles were especially helpful in the area of statistical 
approaches and test procedure to employ in order to obtain valid results. 

In order to establish a basis of minimum performance requirements for 
pilot oriented closed loop stability and control, MIL-F-8785B, Reference 
(2), and the associated USERS REFERENCE GUIDE, Reference (3), were re- 
viewed to determine applicability to highly augmented aircraft flight 
control systems such as the SFCS. It was found that the informational 
content of this specification is applicable as a guide towards SFCS de- 
sign and development but the classical terminology as presented in 



Reference (2) is somewhat ambiguous. It is felt that system response 
characteristics (response to specific inputs or multiple input combina- 
tions expressed in the frequency or time domain) could be an additional 
means of specifying effective requirements and should be considered for 
use during the SFCS program. 

_ 



SECTION IV 

SUPPLIER MEETINGS 

A series of meetings was held with industry personnel and comments were ob- 
tained during discussions with Avionic suppliers prior to SFCES procurement. 
The main purpose of these meetings was to benefit from experience gained by 
the suppliers in the area of handling qualities during past programs in which 
new concepts of control were mechanized and investigated.  Items discussed 
included: 

1. C* CRITERIA 

Supplier experience with the applicability of tne C* criterion was ex- 
plored to determine results obtained and the degree to which mission 
mode tasks can be accomplished with a mechanization that provides a re- 
sponse which meets C* criteria. Areas of discussion included the C* 
envelopes of acceptability in terms of delay time, initial transient, 
and frequency/damping characteristics. Inquiries were made to determine 
if the suppliers had performed studies to show the effect of higher 
order terms and nonlinearities on the pilot feel and the precision fly- 
ing capability. 

2. LATERAL-DIRECTIONAL CRITERIA 

Concepts of inter-axis decoupling and the desired lateral-directional 
handling quality characteristics were discussed with the suppliers. It 
was indicated that an  attempt was to be made to formulate a criterion 
in the time domain which is useable throughout the flight envelope. 

3. SUPPLIER COMMENT SUMMARY 

Discussions with 15 individual representatives from five leading 
suppliers helped generate the following list of comments and general 
conclusion relative to the subject matter involved: 

a. At least one supplier felt that the C* criterion concept ip of very 
little value.    The main objection stated was that the criterion is 
inherently not unique.    Some adverse characteristics in one C* term 
can be averaged out by another term through addition, to yield an 
apparently acceptable C* response that does not provide acceptable 
handling qualities. 

This oonclus. on was based in large part on theory and had not been 
substantiated through either simulation or flight test. 

b. Three out of five suppliers felt that the C* criterion  complemente. the 
SFCS concept of design and as such is very applicable to this type 
of control.    One supplier had successfully u^ed the criterion for 
development of a high authority flight control system which is 
currently being flight tested.    In this case, the criterion was 
applicable with the added constraint that specified minimum values 

" 



of short period frequency and damping were met or exceeded with the 
augmented system. In general, these suppliers all felt that the C* 
criterion should be constrained in some manner to make it more useful 
for general application to fighter aircraft flight controls. 

From available information, past development programs depended 
heavily on pilot satisfaction of handling qualities in the roll and 
yaw axes. At least one supplier indicated that the feasibility of 
use of a roll axis time history criterion has been established. 
Most suppliers felt that a need exists for an equivalent directional 
time history criterion. Current practice indicates that pilots de- 
sire zero "ball" movement during turning maneuvers. 

One supplier felt that there is some trade-off benefit to mechanizing 
a separate configuration for air-to-air and another configuration for 
air-to-ground. This could be accomplished by automatic or manual 
switching of the feedback gain parameters to achieve the desired 
flight path characteristics for a particular mode. 

In general, the discussions with suppliers indicated some reserva- 
tions of routine application of C* criterion. These are due in 
large part to the unknown effect on pilot ratings of a number of re- 
sponse abnormalities which would not violate the C* criterion. In 
addition, no lateral-directional counterpart of the longitudinal C* 
criterion is presently in use by the suppliers. All discussions and 
Information presented by suppliers was helpful in formulation of 
candidate criteria used during man-in-the-loop testing with pilots 
during six-degree-of-freedom fixed base simulation. 
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SECTION V 

STUDIES AND ANALYSIS 

The problem of generating meaningful performance criteria is one of deter- 
mining what levels and types of handling qualities are required by pilots 
and hov they help accomplish his mission mode tasks. The pilot determines 
if a particular flight control system provides the desired performance im- 
provement, by assessment of aircraft dynamic motion resulting from coramand 
and disturbance inputs. It can be shown that pilots are quite sensitive to 
three axis motion cues and utilize these, in large part, to fly the aircraft. 
Studies conducted during the course of the SFCS program and described in 
these sections are based on the assimilation of the appropriate motion cues 
into meaningful criteria which provide that the transient flight dynamics 
are acceptable to the pilot. The C* criterion is em example of specifying 
short period handling qualities in terms of aircraft parameters familiar to 
the pilot. The concept implicitly includes the traditional short period 
frequency and damping requirements and is more generaJ. in its application. 
Current design philosophy for fly-by-wire and highly augmented flight control 
systems Inherently Includes sensor feedback and electronic compensation to 
provide a response which will meet the C* criterion. MCAIR pilots have en- 
dorsed the general concept of fly-by-wire and feel that the studies des- 
cribed here will help in the development of a superior weapon system. 

1.  LONGITUDINAL 

The definition of the C* expression as used during the SFCS analysis and 
studies is shown in Table I. This equation is equivalent to Equation 1, 
page 12, Reference (ü), which can be written as. 

6e   a 5e   B 6e    c 6e 

where the symbols Ka, Ki,, and Kc are dimensional constants. The 6 term 
in above equation represents normal acceleration Increment at the pilot 
station- caused by the moment aim from vehicle center-of-gravity. In the 
C* equation of Table I, the contributions due to Nz and 6 are lumped into 
one term(Anzp) which represents the total normal acceleration sensed at 
the pilot station. On page ih  of this reference, it is stated that "The 
lower portion of the C*/6e envelopes have been modified for the first few 
teuths of a second to account for the effect of forward transmission 
dynamics (actuators, mechanical linkages, shaping networks, etc.)." In 
order to establish a quantitative interpretation of this statement. 
Equation 9 of this reference. 

91   (  'i)n2   )  U ♦ 6l.l)(X + 2.00) 
6e 
n 177.2  ; X2 + 2cnun X + üjn^ 

was used to generate time history response traces for unity step inputs. 
The above transfer function equation was programmed on a MCAIR analog 
computer and short period damping and frequency requirements from Refer- 
ence kt  page 3. Category 1 were tabulated (Table II and used to generate 
the time history response traces shown in Figure 3 and k  for unity step 
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TABLEI 
DEFINITION AND UNITS FOR C* EQUATION 

• Definition 

*%*K29 

An, = Incremental Normal Load Factor at Pilot Station 
ZP 
q - Pitch Rate 

K2 ■ C2VC   Pitch Rate Gain Constant 

C2 = Dimensional Constant 

• Units 

Vc    - Crossover Velocity 

C* *% q 
C2                         | 

Value Units 

tfs tfs 

rad/sec 
1 

32 2 

g's - sec2 

ft 

deg/sec on \32.2/\57.3/ 

g's - sec2 

ft-deg 

ft/sec2 ft/sec2 

rad/sec 1.0 Radians 

deg/sec 
1 

57.3 

rad 

deg 

• Atsumptio 

vc co 

n 

= 400 ft/sec 
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Time - Seconds 

FIGURE 4 
C* TIME HISTORY TRACES FOR CATEGORY 1 
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TABLEH 
SHORT PERIOD FREQUENCY AND DAMPING VALUES 

Configuration 
Number M 1 

"n 
Configuration 

Number tn wn 

| 0.45 5.66 11 1.45 5.66 

0.40 5.02 12 1.50 6.28 

0.37 4.40 13 1.45 6.91 

0.40 3.77 14 1.30 7.54 

0.50 3.27 15 1.12 7.60 

0.60 3.14 16 0.92 7.64 

0.88 3.45 17 0.77 7.22 

8 1.00 3.77 18 0.65 6.91 

9 1.20 4.40 19 0.53 6.28 

to 1.35 5.02 

inputs. As can be seen from Figure 3, the periphery of the time history- 
response traces generated in this manner is reasonably well defined with 
the existing C* criteria in all areas except on the lower boundary. Here 
there is a significant difference, since the criteria envelope allows a 
transportation lag of as much as 0.20 seconds. Since previous investiga- 
tions have shown this amount of lag to be significant, it was decided to 
investigate this characteristic during the simulation phase and determine 
its effect on pilot performance. 

Concern over the adequacy of the C* criterion and its routine applica- 
tion has resulted in an analysis to determine the compatibility of 
nonlinear dynamics and higher order effects with the C* concept. The 
existing criterion allows a lightly damped, high frequency mode super- 
imposed on the dominant response mode which might be contained in the 
acceptable region ^ut which is otherwise unacceptable due to the low 
stability margin which is causing the low damped oscillation. In a 
similar manner, a highly nonlinear response might meet the C* envelope 
and yet be undesirable when present in the aircraft. To circumvent 
these difficulties, several methods were investigated and one was 
selected as having the most promise for use as a criterion. Its formu- 
lation is based on constraining the C* rate of change response in an 
acceptable manner and is to be used in addition to the existing C* re- 
sponse criterion. 

The proposed C* rate of change criterion shown in Figure h  was generated 
by establishing a boundary line around the periphery of the differen- 
tiated response traces resulting from. 

dC* ~ , 
dt  ~ * A/kc + 1 -) 

C* 

IF 

«■ 



where k^ ■ 1000 and frequency and damping values used are given In Table 
II. Selection of k5 ■ 1000 is a convenient value which results in an 
acceptable approximation of the above high pass transfer function to a 
pure differentiation required for generating the C# rate of change time 
history responses as shown in Figure k.    This envelope of acceptability 
is expressed in normalized C* units per second for the ord^nate and in 
"real time" seconds for the abscissa. 

2.  DIRECTIONAL 

The need for establishing time domain criteria for the roll/yaw axis is 
based in part on the strong correlation of pilot rating and flight sensi- 
tivity to lateral-directional aircraft motion which occurs in the time 
domain. Pilot commeuts and discussions on methodology of providing 
ratings indicates that classical terms such as frequency, damping» and 
time constant parameters can be relatively abstract to pilots who, 
instead, place strong emphasis on aircraft motions and how they vary 
during flight. This is further evident when it is realized that pilot 
unfamlllarity with engineering terminology apparently does not detract 
from the capability to recognize undesirable characteristics, formulate 
opinions on their severity and express these in standard terminology. 

Design engineers who have used the traditional handling quality param- 
eters to date, have been more constrained in recent years, in providing 
adequate answers because aircraft and flight control system response 
characteristics have deviated from simple representation and evaluation 
data presented to show compliance with military requirements had to be 
approximated to fit the prescribed format. These shortcomings can be 
alleviated if time history response data related to specific input com- 
mands are used for comparison with applicable criteria. 

Additional need for time history criteria is also evident in computerized 
design techniques which employ optimal or modern control techniques to 
establish compensation and control law definition to satisfy a prescribed 
cost functional which contains the short period handling quality criteria 
as function of time. 

Lateral-directional studies were directed toward establishing a separate 
time history criterion for the roll axis and yaw axis. The intent was to 
define the transient response characteristics in each axis due to a 
lateral step command input from the pilot. 

a.  Directional Response to Aileron Command Input 

MIL-F-8785B requirements for maximum sideslip excursion occurring 
during aileron step command inputs include a definition of limits for 
A0MAx/k as shown in Figure 5, which are not to be exceeded for various 
operating levels and phases. The parameter A0M^X ^8 defined as the 
maximum sideslip excursion at the e.g. occurring within two seconds 
or one-half period of the Dutch Roll, {Tfr/2),  whichever is greater, 
for a step aileron control command.  Since preliminary SFCS designs 
show that the {T^/2)  ■ 2.0 second(constant) requirement generally 
predominates, the "damped period of Dutch Roll" equation appearing on 
page 68, Reference 2, 
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was used as a means of superimposing this requirement on a plot gen- 
erated from the minimum Dutch Roll frequency and damping data (Table 
VI, page 23, Reference 2) for comparison of Mie assumptions inherent 
in the use of a constant value for Td/2. Figure 6 shows the combina- 
tion plot and identifies the various areas of acceptability for level 
1, categories A and B operation. Category C was not included in the 
analysis effort, and the study results discussed here are not intended 
to be applicable to the landing and take-off flight conditions. Em- 
phasis on selected mission modes described in this report resulted 
in program software limitations that did not allow testing at the 
terminal flight conditions for which adequate data is available from 
previous investigations. Frcm the above figure, it can be seen that 
only a small part of the acceptable area is eliminated if it is 
assumed that all values lie above the line for (Td/2) = ^..0. This 
rationalization and the fact that highly augmented systems can help 
provide frequencies which fall in the upper area, makes the assump- 
tion a reasonably valid one. 

The above plot. Figure 5, for AÖMAx/k can be made independent of the 
"coordination" parameter (W), if a constant value of ABj^/k =2.0 
is used. A direct mapping in the time domain follows with point A of 
Figure T reflecting these two data point values. The lines which 
intersect point A and form the acceptable area for sideslip due to 
aileron step command inputs were established "a priori" in the 
following way. 

Line 1 - The somewhat pessimistic assumption of Aßj^/k *  2.0 is 
offset by a maximum allowable deviation of ß/k ■ +2 during 
t <_ 2.0 seconds. 

Line 2 - An average value of one degree per second is assumed as the 
average deviation for t >_ 2.0 seconds 

In order to eliminate undesirable characteristics such as those 
generated by higher order and nonlinear dynamics, it Is necessary to 
add an associated rate of change criterion to the above response 
criterion. The resultant plot is shown in Figure 8, and together 
they represent the equivalent time history boundaries for the 
MIL-F-8785B specified sideslip excursion with aileron step command 
Inputs. 

b. DÄ Concept 

From discussions with electronic equipment suppliers during the ini- 
tial phase of the SFCS program, it was learned that in at least one 
development program lateral acceleration at the pilot station was 
used as a criterion parameter for evaluating directional response 
characteristics due to aileron Inputs. This coupled with comments 
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made by MCAIR pilots that lateral acceleration is a principal motion 
cue paramexer at high speeds, resulted in the formulation of the D* 
concept. The D* expression is a functioned combination into one 
mathematical equation of aircraft sideslip, which is considered the 
principal low speed handling quality parameter, and lateral accele- 
ration, which is a uiore important consideration during high sp^ed 
flight. D* is defined as, 

D* ■ Any + K3B 

Where K- is a crossover gain constant which is related to dynamic 
pressure as shown in Table III. In contrast to the C* concept where 
the equivalent gain constant is a function of velocity, the D* 
equation employs a crossover dynamic pressure to establish when low 
and high speed flying qualities are rated equally. 

(1) Crossover Gain Constant 

The crossover gain constant for the C* equation is also a di- 
mensionalizing constant relating steady state pitch rate to 
normal acceleration in the following way, 

■ 

(nz)ss/(qss) = (K2)V 

where the units for Kg are as given in Table I. In a similar 
way, the steady state lateral acceleration and sideslip angle 
are related by the expression, 

(ny)8s/(6ss) = 1X3)4 

where the definition and units of K^ are as given in Table III. 
The crossover gain for C* is explicitly constant whereas K_ is 
constant because the parameter Cy is reasonably invariant 
throughout the FU flight envelope? Preliminary investigations 
indicate that this parameter is relatively constant for a 
number of fighter aircraft currently in use. 

(2) Crossover Dynamic Pressure 

Of the references included in the literature survey and review- 
ed during the program, very little flight test information was 
found to be directly applicable toward assessment of a cross- 
over dynamic pressure value. Consequently, it was necessary to 
estimate a representative value based on pilot experience with 
the Fk  aircraft, and available information in Reference 3. The 
final value chosen during the analysis was based on the follow- 
ing considerations: 

(a) The Fh  primary flight control system mechanization includes 
an Aileron Rudder Interconnect (ARI) which is activated at 
230 knots Indicated Airspeed (6 Sea Level, Dynamic Pressure 

22 



TABLEIE 
DEFINITION AND UNITS FOR D* EQUATION 

• Definition 

0* = 

• Units 

rr 
9s 

ft/sec2 

D'^nyp+Ka^ 

^nyp -   Incremental Lateral Load Factor at Pilot Station 

ß ■  Sideslip Angle 

K3 =  C3 qco Sides;'P G»'" Constant 

C3 =  Dimensional Constant 

qco        "  Crossover Dynamic Pressu re 

An, 
VP 

gs 

ft/sec^ 

• Assumption 

qco = 350 lb/ft' 

ß 

rad 

deg 

Value 

-9.91 x 1(r3 

Units 

{*£) 
-1.73 x IQ"4 

rad 

deg 

-3.19 x 10 -1 

/g's - H2 \ 

\ lb-deg/ 

-5.57 x lO-3 

Mb-sec2/ 

/ ff5 - rad    \ 

^Ib-sec-deg/ 
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= l8o pounds per square foot) to compensate for the ad- 
verse yawing effect inherent during the landing flight 
conditions. Since the ARI is principally used during take- 
off and landing (Phase C), it is felt that the value of 
dynamic pressure at Phase C initiation should be consider- 
ed a lower bound for the crossover dynamic pressure used 
in Phase A and B. 

,'b) From Fk  aircraft flight teat data obtained during rolling 
pull-out maneuvers, it can be shown that the maximum 
sideslip angle decreases from high adverse values at low 
speeds, to low proverse values at high speeds, with the 
transition point occurring in a dynamic pressure range of 
about 600 to 700 pounds per square foot. 

These values are indicative of the upper bound values for 
the crossover dynamic pressure. 

A median value of 350 pounds per square foot was selected 
as the crossover dynamic pressure for use in the SFCS 
program in part because it Is compatible with the above 
limits. This choice is also based on data as presented in 
Reference 2 and 5 for the F-8U and F-86 aircraft.  In 
both cases, data for the maximum lateral load factor during 
fish tall and rolling pull-out maneuvers show that the 
pilots generated constant (maximum) sideslip values at 
low speeds and constant (maximum) lateral acceleration 
at high speeds with traneltion occurring in about the same 
dynamic pressure range. 

(3) D* Criterion Candidate 

Having assessed the physical importance of sideslip and 
lateral acceleration as described in the above sections, 
an effort was made to combine these parameters into one 
criterion. It was reasoned that the lateral acceleration 
and sideslip angle contributions should be equal at cross- 
over dynamic pressure flight conditions in order for the 
criterion to represent high and low speed flight.  If the 
two are equal then the canlidate «id^tlip criteria dis- 
cussed in Section V.2.b can be considered to represent 
one-half of the acceptibility level for both. The D* 
equation can be expressed, in modified form, as, 

k    k        k 

and the sideslip boundaries can be doubled to form the 
new criterion as shown in Figure 9. 
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c. Directional Response to Rudder ^onnnand Input 

Analysis of the yaw axis response characteristics for rudder pedal 
inputs was limited due to the unavailability of sufficient informa- 
tion in Reference 3 for establishing criterion boundaries as vas 
possible for the lateral control input criterion. Consequently, no 
criteria boundary could be formulated and directional response in- 
vestigations for criteria development were relegated to the simula- 
tion phase in which several configurations were tested. From pre- 
liminary discussions with flight test personnel, it was concluded 
that during yaw axis control and flight maneuvers, pilots have 
differences of opinion in terms of rudder pedal usage.  Some feel 
that all yawing maneuvers axe  generally conducted with "feet on the 
floor", and they do not need a very responsive yaw axis.  Others 
indicate some usage of rudder pedals, for mission modes where con- 
trol of velocity vector is important and small angle positioning of 
aircraft heading is critical.  In general, it was felt that a mini- 
mum transient response level was required to insure that adequate 
maneuvering capability was provided for use by those pilots who de- 
sired it. 

3.  LATERAL 

Pilot conments indicate that roll axis handling qualities are principally 
influenced by roll power, roll sensitivity, and roll transient dynsmics. 
The Reference 3 users guide associates a number of requirements with the 
roll transient dynamics in an effort to maintain adequate speed of re- 
sponse with minimum coupling of Dutch Roll oscillations into the roll 
axis.  It was the intent of the roll axis analysis effort to combine 
current specifications dealing with: 

o Maximum Roll Rate Time Constant 

o Peak Roll Rate Oscillations 

o Ratio Of Oscillatory Component To Average Roll Rate Component 

into a time history envelope of acceptability which reflects in composite 
form the desired dynamic properties for a fly-by-wire type aircraft. 

Roll Rate Criterion Candidate - The normalized lateral-directional 
equations of motion shown in Appendix II were mechnnized on an analog 
computer and the time history response traces for step aileron conmand 
inputs were recorded. Coupling and modal parameters given in Appendix B 
were used as a guide in selecting representative values for use during 
simulation but no attempt was made to duplicate exact values correspond- 
ing to stated flight conditions.  Selection was also based on following 
considerations: 



a. Modal Parameters 

It was assumed that random combinations of acceptable Dutch Roll 
frequency and damping values as specified in Reference 3 were 
compatible with arbitrary selection of roll time constant values 
as shown in Reference 3. 

b. Coupling Parameters 

These parameters were varied at random with the constraint that the 
Reference 3 requirements for roll rate oscillation and ratio of 
Dutch Roll component to average roll component were not exceeded. 
For all combinations investigated, it appeared that the latter re- 
quirement is the more stringent and compliance with it usually 
satisfies the peak roll rate requirement too. 

The data shown in Table IV give specific values for the coupling and 
modal parameters used in the normalized equations (B20 and B21, 
Appendix II) to generate the time history data shown in Figure 10. 
The roll rate criterion was formulated by drawing a periphery en- 
velope around the outside edges of the response traces as is indi- 
cated in the figure. The resultant plot constitutes the roll rate 
criterion candidate to be used during the SFCS program for control 
law development and equipment design. 

k.    WEAPON DELIVERY 

Air-to-air and air-to-ground combat modes are the most severe flight 
phases in a tactical environment since they require rapid maneuvering, 
precision tracking, and precise flight path control. In order to in- 
vestigate the performance characteristics encountered and to attain a 
better understanding of the transient dynamics involved, a closed loop 
analysis of the overall tracking loop was performed. 

The elevation and traverse errors between the attacking aircraft's gun- 
line and its line of sight to the target were developed and are shown in 
Appendix II. These equations are derived in terms of the attacking air- 
craft's velocity, angle of attack, sideslip and body rate, the tracking 
range and the target's velocity components defined in earth coordinates. 
Also shown in Appendix II is the formulation of linearized block diagrams 
of the elevation and lateral fire control modes for tracking both aerial 
and stationary ground targets. 

After formulation of tracking loop equations an analysis was performed 
to identify which parameters significantly affect tracking stability 
and weapon delivery precision. Root locus techniques were used to sta- 
bilize the tracking loop for pilot model gain pjid gun angle variations, 
and time responses obtained using a digital program (Reference T) for 
two flight conditions. 
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TABLE IK 
COUPLING AND MODAL PARAMETERS 

Configuration To u Wo Xl X1X2 

Number 

1 0.1 0.19 1.84 0.15 0.30 

0.1 0.58 4.00 0.15 0.30 

0.1 0.19 3.50 0.15 0.30 

0.1 0.19 1.84 0.10 0.20 

0.1 0.60 2.00 0.15 -0.30 

0.1 0.44 3.00 0.15 -0.30 

0.1 0.58 4.00 0.15 -0.30 

0.1 0.19 3.50 0.10 -0.20 

0.1 Quo 5.00 -0.15 +0.30 

10 0.1 0.19 5.00 -0.10 +0.20 

11 0.1 0.58 4.00 -0.15 +0.30 

12 0.1 0.31 6.00 -0.10 -0.20 

13 0.1 0.60 2.00 -0.10 -0.20 
np 

14 0.1 0.60 2.00 -0.15 0.30 

15 1.0 0.19 1.84 -0.15 0.30 

16 1.0 0.60 2.0 -0.15 0.30 

17 1.0 0.44 3.00 -0.15 0.30 

18 1.0 0.58 4.00 -0.15 0.30 

19 1.0 0.19 3.50 -0.15 0.30 
■ w 

20 1.0 0.31 6.00 -0.15 0.30 

21 1.0 0.60 2.00 0.15 0.30 
* 1 

22 1.0 0.44 3.00 0.15 0.30 

23 1.0 0.19 350 0.15 0.30 

24 1.0 0.19 1.84 0.15 -0.30 

25 1.0 0.44 3.00 -0.15 -0.30 

26 1.0 0.58 4.00 0.15 -0.30 

27 1.0 0.26 5.00 -0.15 -0.30 

28 1.0 0.19 3.50 015 -0.30 

29 1.0 0.19 3.50 0.15 -0.30 

30 1.0 0.31 6.00 0.15 -0.30 

Note:  X1X3 = 0 for all configurations. 
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a. Flight Path Program 

The digital program described in Reference 7 includes a six-degree- 
of-freedom airframe with flight path geometry and pilot math model. 
It is programmed to aim the attacking aircraft guns at a target, 
stationary or moving, starting from some initial offset position, to 
a final position satisfying the fire control mode requirements and 
approaching zero error in elevation and traverse channels. The 
pilot model representation used in the study was a pure gain which 
was varied with flight condition. This representation was selected 
instead of a more refined model with frequency and phase sensitivity, 
because it was previously established that equivalent accuracy In 
closed loop tracking stability was obtained with the simpler rep- 
resentation. 

b. Digital Computer Results 

Time history traces were obtained for two flight conditions and two 
gun angle positions. Ye. The effect of longitudinal feedback vari- 
ations on weapon delivery precision was investigated by obtaining 
time history responses for the elevation angular error for different 
longitudinal configurations. Figure 11 shows the time history re- 
sponse for the elevation angular tracking error for several of the 
configurations. 

The time responses were obtained for the target aircraft flying 
straight and level at the velocity equal to the pursuer's velocity 
with the attacking aircraft Initially 100 feet below and 2000 feet 
behind the target. The range rate was zero for all the traces ob- 
tained. 

From Figure 11 it can be seen that the elevation angular error is a 
direct function of the configuration characteristics and thai it 
varies proportionally with the gun angle. The tracking performance 
is measured by how fast the tracking error approaches 10 mils or less 
and the length of time it stays below that value. For the configu- 
rations with higher order oscillations in longitudinal response, the 
angular error is very oscillatory, which would indicate that the pilot 
would have a harder time in keeping the error below 10 mils. 

Fran the studies and time history traces, the following conclusions 
cen be stated for weapon delivery accuracy: 

o Aircraft short period pitch and Dutch roll damping have signifi- 
cant affects on the tracking accuracy. 

o Increased damping improves tracking markedly. 

o Dutch Roll damping has a more pronounced effect on tracking than 
the short period pitch damping. 
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o    Lateral tracking stability is improved vhen the gun angle is 
elevated above the instantaneous aircraft roll axis. 

o   The optimum gun elevation angle is from 0 to 2 degrees above 
the waterline axis. 

The effects of parameters such as stick dead zone* backlash, pre- 
load, and coulomb friction were not analytically studied* but the 
simulator pilots Indicated that the best control harmony* considered 
necessary for precise tracking with minimum effort* is obtained 
with these parameters held as low as possible. 
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SECTION   VI 

SIMJLATION 

To  investigate the pilot's performance using a man-in-the-loop simulation,  a 
comprehensive test plan was formulaxed using the analysis and study results 
obtained above as a guide.    From the beginning, it was realized that a very 
complete hybrid mechanization was necessary to achieve high visual fidelity 
and maximum crew station realism    with the fixed base simulator equipment. 
To satisfy this requirement,  a major portion of the software and flight con- 
trol system data was programmed on a digital computer which interfaced through 
an analog computer to the crew station hardware.    Each pilot was required to 
fly a baseline mission with various configurations and then provide a COOPER- 
HARPER rating for each of five scored mission phases.     Non-scored intermediate 
phases such as climbs and dives were included as transition modes to aid in 
blending the scored phases into one unified mission which took approximately 
ten (lO) minutes to complete.    These transition modes also provided addition- 
al opportunity to the pilot for open loop evaluations using rudder kicks and 
stick raps.    Pilot    comments on specific tests configurations which were in- 
vestigated and a large amount of associated scoring data constituted the 
essential means of establishing the performance level achieved bj  the pilots 
in each category of runs. 

1.     CREW STATION CONFIGURATION AND HARDWARE 

A fixed base crew station was used in the SFCS flight simulator which was 
equipped with both center stick and side stick controllers and instrumen- 
tation for three-axis aircraft maneuvering throughout the flight envelope. 

a.    Primary Flight Instruments 

Included in the SFCS  f]Jght simulator were the necessary instruments 
for control of aircrafc altitude, angular rate,   and velocity 
during flight.    The solution of the equations-of-motion and coordinate 
transformations generated signals to drive the following instruments: 

o ATTITUDE/DIRECTION  INDICATOR  (ADl) 

o AIRSPEED/MACH METER 

0 ANGLE-OF-ATTACK INDICATOR 

o BAROMETRIC ALTIMETER 

ü RATE-OF-CLIMB INDICATOR 

o NORMAL LOAD FACTOR 

o ENGINE TACHOMETERS 



The following warning lights were provided to th? pilots: 

o FUEL LEVEL LOW - Fuel has been consumed so that weight is less 
than 33,000 lbs. 

o ALTITUDE WARNING - Indicates that the altitude is less than 3000 
feet. 

o DUCT OVERHEAT - The high speed opt rational flight envelope of the 
aircraft has been exceeded when thin light is illuminated. 

o MASTER CAUTION - This light is activated whenever one of the three 
lights above are active. 

o SPEED BRAKE - Indicates that the speed brake has been extended. 

o SCORIJG LIGHT - Flashing light indicates that the entry conditions 
have been satisfied for that particular mode. Depression of the 
score activation button on the center stick or side stick initiates 
the scoring mode, and illuminates the light in a steady (non- 
flashing) manner. During transition modes the light is extin- 
gui shed. 

b. Flight Controls 

The flight controls installed in the cockpit include the following: 

o RUDDER PEDALS - Rudder pedal displacements caused by the pilot are 
sensed and transmitted to the hybrid computer in equivalent elec- 
trical form. A rudder feel system in the form of a mechanical 
spring operates in parallel with the rudder pedal linkage to pro- 
vide a reaction force feel and to recenter the rudder pedals in 
the simulator. 

o THROTTLE QUADRANT - A conventional throttle quadrant mounted in 
the left hand console of the crew station cockpit Incorporates 
mechanical stops for the IDLE, MILITARY and AFTERBURNER power 
settings and provides throttle angles from 20 to 120 degrees. The 
electrical signal from the throttle quadrant serves as an input to 
the programmed equations-of-motion and represents a command signal 
to a simulated twin engine, symmetrical thrust, power plant. 

o SPEED BRAKE - A switch located on the inboard throttle extends and 
retracts the speed brake in the simulated aircraft and initiates 
computation of aerodynamic drag for retardation of aircraft motion 
during flight. 

o CENTER STICK CONTROLLER - Lateral stick displacement by the pilot 
generates equivalent spoiler and aileron motions. A mechanical 
feel system, similar to that used for rudder pedals, provides the 
lateral stick feel sensed by the pilot. A specifically designed 
force feel/hydraulic actuation system is used to generate a center- 
ing force in the longitudinal axis. Signals proportional to out- 
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put displacement from this system result in stabllator deflec- 
tions. The stick grip has an operational trim switch used to 
manually trim the stick longitudinally. The trigger button, bcoib 
release button, and score activation button are located on the 
center stick grip. The trigger button is used to manually termi- 
nate the ground attack scoring, while the bomb button is used to 
terminate weapon delivery mode. When the scoring light is flash- 
ing, the pilot depresses the scoring button to initialize the 
scoring mode. 

o SIDE STICK CONTROLLER - A side stick controller is installed in 
the crew station. Lateral displacements produce spoiler and 
aileron motions while the longitudinal displacements result in 
stabilator deflections. 

A feel system in the form of a mechanical spring is installed to 
provide lateral and longitudinal feel to the pilots. The pitch 
vernier thumbwheel (spring loaded) which generates input comnand 
to the pitch axis control system is located on the side stick. A 
trigger button, bomb button and score button are located on the 
side stick grip. They perform the same function as those located 
on the center stick which were described above. 

o SFCS TRIM PANEL - A trim panel, mounted in the left console, con- 
tains three electrical trim pots (non-spring loaded) for pitch, 
roll and yaw channels and one yaw vernier th-tnbwheel (spring 
loaded) which generates input commands to the yaw axis. 

c. G Seat Cushion 

A pneumatic seat cushion device is incorporated in the cockpit and 
its inflation is regulated in proportion to the normal acceleration 
at the pilot seat generated through the airframe. During its opera- 
tion the pilot is pressed against a restraining seat belt harness by 
the air cushion device and is subjected to the varying force levels 
during the flight. A similar device is used for generating left-and- 
right motion cues. Forces proportional to the lateral acceleration 
at the pilot station as generated during flight regulate the pressure 
in the twin cushion device for lateral motion. 

d. Longitudinal Feel System for Center Stick 

An artificial feel system is Installed in the flight simulator to 
provide realistic stick forces to the pilot. The system consists of 
th** following components: (l) a transducer which senses mechanical 
force inputs, (2) analog equipment used to compute the force output 
of the longitudinal feel system, and (3) an auxiliary hydraulic 
cylinder attached to the longitudinal control column of the flight 
simulator. 

Signals proportional to the transducer output and the desired stick 
force are amplified and applied to the control valve of the auxiliary 
hydraulic cylinder. The auxiliary cylinder acts as a spring with 
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fixed spring constant and movement of the cylinder results in a force 
which the pilot feels at the grip. 

e. Visual Display System 

The display equipment used in the simulation includes a large scale 
terrain map (10 ft. by ho  ft.) shown in Figure 12 with a camera sys- 
tem which transmits the visual target over the complete field of view 
to the crew station. The map scale is 1000/1 which gives equivalent 
translations of 10,000 feet by UO.OOO feet and an equivalent eleva- 
tion range of 95 feet to 9600 feet. For the air-to-ground modes of 
operation the target consists of a "bulls-eye" located on the model 
landing strip. An ima^e of this target is displayed on a wall screen 
inside the crew station room using a television projector. During 
the dive bombing mode of operation, a 8l mil depressed pipper colli- 
mated at infinity is also projected on the wall screen for target 
tracking. In the strafing mode and air-to-air combat mode, the 
pipper is automatically moved back to a waterline reference point 
corresponding to gunline harmonization. 

The equipment employed in the target aircraft image generation is 
housed in two locations in the simulation area. The model tunnel 
area consists of a 3-axis gimballed aircraft model and a fixed tele- 
vision camera. The equipment located in the crew station room con- 
sists of a gimballed target projector for presentation of the maneu- 
vering target aircraft. 

f.  Crew Station Hardware Usage 

Written instructions to pilots as summarized in Appendix VI indicates 
their participation to be grouped into two phases consisting of em 
evaluation phase and a documentation phase. During the evaluation 
phase, the hybrid simulation setup including the g seat, trim panel 
and side stick controller was evaluated by MCAIR pilots who commented 
on their use for the documentation phase of the study as well as sub- 
sequent SFCS simulation efforts. Accordingly, all three features 
remained operational in the crew station for the remainder of the study 
with conditional usage based on the following reasoning: 

o Limited use of the trim panel by participating pilots resulted due 
to inherently good trim characteristics of the SFCS and emphasis 
on non-trim handling quality investigations. 

o Extensive use of side stick controller was relegated to later SFCS 
simulation phases, as reported in Supplement 2, due to unavailabil- 
ity of Supplier's prototype hardware. The side stick controller 
used in crew station was a converted design aid unit which was 
functionally representative but not entirely equivalent to the de- 
sign generated in the time period after completion of this study. 



FIGURE 12 
VISUAL DISPLAY TERRAIN MAP 
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Use yf g seat cushion was available for pilot usage «md MCAIR 
pilot data was taken with g seat cushion operational. Mecharical 
problems limited its usage during some runs and at times ^iiotf 
elected not to use it because of the increased fatigue factor 
involved. 

COMPUTER SOFTWARE DESCRIPTION 

Operation of the hybrid simulator required interfacing the software digi- 
tal program with the crew station hardware and display equipment using 
a PACE 131 analog computer and Adage A-D/D-A Converter. Since most of 
the digital software for real time man-in-the-loop simulation is pro- 
grammed in FORTRAN IV computer language on a Control Data Corp (CDC) 6600 
digital computer, the analog computer's function is principally that of 
master control for all equipment and buffering of time history recorders. 
The digital software used in this simulation includes equations represent- 
ing a six-degree-of-freedom airframe, a three axis flight control system, 
displays, and scoring computations. 

a. Airframe Characteristics 

A set of large perturbation, six-degree-of-freedom differential 
equations of motion is used to describe the nonlinear motion of air- 
craft during flight. Additional equations are utilized to describe 
the atmospheric properties, body accelerations and velocity compo- 
nents. The entire set of equations used for airframe simulation are 
presented in Appendix IV. 

The aerodynamic derivatives used in the equations-of-motion are com- 
puted in the digital computer every 20 milliseconds. The representa- 
tion of the aerodynamic derivatives are functions of Mach number, 
altitude and angle-of-attack. 

Tables are developed from basic propulsion data to simulate tne 
thrust developed by two engines. These data are functions of Mach 
number, altitude and throttle setting. Idle, Military and after- 
burner power levels are programmed and are available to the pilot for 
simulated flight maneuvers. 

b. Longitudinal Flight Control System 

A block diagram of the longitudinal flight control system used in the 
simulation is shown in Figure 13. As shown in the figure, the force 
input signal is shaped by a prefilter model before being summed with 
the feedback signal. The error signal is applied to the simulated 
stabilator actuator which in turn generates the input to the airframe. 
The feedback signal, which is the sum of pitch rate and normal accel- 
eration forward of the aircraft e.g., is used to provide invariant 
aircraft response with changing flight conditions. The desired vari- 
ations in aircraft flight path time history responee are generated by 
selection of the proper prefilter model. 
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c. Lateral-Directional Flight Control System 

The lateral-directional flight control system shewn in Figure 1^ uses 
yaw rate and lateral acceleration feedback to improve the Dutch Roll 
dynamics and turn coordination. A canceller in the yaw rate feedback 
loop washes out the yaw rate resulting from a steady state turn. A 
prefilter is included following the rudder pedal force input to shape 
the yaw rate response. 

Roll rate feedback is used to improve speed of response, roll damping 
and (ji/ß ratio. A high gain prefilter model i. used to mask the basic 
airframe response. Variations in roll rate response are achieved by 
varying the prefilter time constant. 

A roll to yaw crossfeed is used in order to reduce the sideslip re- 
sulting from a rolling maneuver. Variations of proverse or adverse 
sideslip are obtained by varying the crossfeed gains. 

d. Display Equations 

The equations of motion for the target model, and a coordinate trans- 
formation from the simulated earth geometry to the tracking tunnel 
coordinate system were required for generating the displays used in 
the crew station. The transformation equations included Euler angles 
of the target and aircraft, along with relative geometry angles as 
computed in an earth referenced coordinate system with its center 
located in the aircraft. 

3.  SIMULATION MISSION AND TEST CONFIGURATIONS 

One of the goals of the SFCS control performance study and simulation was 
to investigate if control laws should be based upon mission modes or 
tasks rather than the traditional handling qualities and control tech- 
niques.  In fulfillment of this requirement, the airframe software with 
flight control system mechanization as described above was programmed to 
provide a series of relatively constant aircraft response characteristics 
in the flight environment of the simulated mission. Groups of configura- 
tions were tested with a realistic mission profile to determine how pilot 
performance in each mode is affected by simulated airframe response char- 
acteristics. 

Basic aircraft configuration used during simulation testing is described 
in Appendix IV; specifically aircraft physical data on gross weight, e.g. 
location, moments of inertia, and wing characteristics. F-k  aircraft 
aerodynamic data used in the six-degree-of-freedom computer program is 
given in Reference 11. The data and the values for the flight control 
system parameters es given below constitute the nominal configuration 
(Configuration Number 1.01) from which flight control system variations 
were made as described in the next section.  Side stick controller testing 
during evaluation phase resulted in its use for demonstration purposes and 
some data taking. Acceptibility of SSC feel system dynamics was an area 
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of further investigation in the follow-on simulation effort and it vas 
felt a more complete investigation can be made at that time. Limited 
testing of side stick controller toward criterion development was scheduled 
for documentation phase hut most testing was to he performed with center 
stick in which feel system dynamics more familiar to the pilots were used 
as a reference. 

a. Simulation Mission 

The simulated mission starts with initial conditions corresponding 
to level flight at 1000 feet altitude and 0.85 Mach number as indi- 
cated in Table V. A manual terrain following system representative 
of the APQ-99 was mechanized in the pitch axis and a terrain avoidance 
system with command inputs as shown in Figure 15 was mechanized in 
the roll axis. This terrain following/avoidance software generated 
steering signals in the digital computer which were transmitted to 
the ADI ball in the crev station for deflection of vertical/horizontal 
indicator needles during LAHS operation. The pilot was instructed to 
"fly the needles" to minimize the pitch and roll errors and was scored 
on how well he is able to keep both needles near zero deflection. The 
scoring interval was automatically terminated after 50 seconds of 
flight. 

In preparation for the weapon delivery (dive bombing) phase, the pilot 
had to climb to 10,000 feet altitude and turn to a heading of 45 de- 
grees while making throttle adjustments to reach 300 knots calibrated 
airspeed. At this time a visual display was activated and a 1*5° 
dive bombing maneuver towards a ground target was initiated. Eleva- 
tion error, azimuth error, siieslip angle, and angle of attack were 
scored during the WD mode. The specif ad bomb release conditions 
were 3500 feet altitude at U50 k: Dts ca-tihrated airspeed. The scor- 
ing was terminated when the pilot pressed the bomb release button. 

Subsequent to pullout and heading changes as shown in the table, a 
precision cruise phase was initiated in which the pilots maintain con- 
stant attitude (p = q = r = 0), altitude (h = 10,000 ft), airspeed 
(.85M), and heading (^ ■ ISO degrees) for 30 seconds. These task 
parameters were also recorded and scored to determine performance 
levels achieved with different configurations. 

After decreasing altitude, a ground attack (strafing) phase was 
initiated from 5000 ft. altitude at a heading of U5 degrees East. 
The pilot task included holding the pipper on the displayed ground 
target and pressing the trigger when in firing range. The scoring 
parameters monitored in this phase were the elevation, azimuth, 
total angular errors, and the sideslip angle. 

In the air-to-air (CO) combat phase, a target model was activated as 
soon as the pilot maneuvered the aircraft to the specified flight 
environment entry conditions with altitude above 19.800 feet, heading 
Horth and Mach number above 1.1. The target model then performed a 
canned evasive maneuver, shown in Figure 16, which resulted in de- 
creasing airspeed and altitude changes with terrination of simulated 
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TABLES 
SIMULATED MISSION 

i.e. \l/ - -80° m 
H -lOOOilOOft 
M-.85-.05 

Phase 1 LAHS Fly Pitch/Roll Need! 

Phase 2 Climb and turn to: 
\ll -+450(N046E)i50 

H-10,000-1000 ft 
V -300-25 KCAL 

Phase3 WD Dive Bombing • Scored 

y --46° 
H -3600 Ft 
V -450 KCAL 

Phase 4 

Phases 

Climb and turn to: 
^-180o(S)il5o 

H -10,000-200ft 
M -.85-.1 

RECON Fly Recon Mode - Scored 
With p - q - r - 0 i 
\lf -180° 
H -10,000 ft 
M -.85 

Phase6 Dive and turn to: 
^ -+45° (N04BE)-5o 

H -6000-500ft 

Phase? GA Dive and Strafe - Scored 

Phases Climb and turn to: 
^-0°^) + 20° 
H-21,9001 2100 ft 
M - 1.2 + ,| 

Phase 9 AIR TO AIR COMBAT ■ Scored 
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FIGURE 16 
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CO flight phase after fO seconds of scoring. Perfonneuice parameters 
processed by the digital computer included elevation and azimuth 
angular errors, total angular error, and range to the target. The 
mission was teminated automatically at the end of air-to-air combat 
scoring. 

b. Test Configurations 

Test configurations were chosen to compliment analysis results a. i to 
provide the simulation pilots with performance characteristics which 
would aid verification of criteria boundaries established during 
analysis. A total of thirty-three (33) test configurations was in- 
vestigated, with 15 longitudinal cases and 18 lateral-directional 
cases. Testing procedure, followed during simulation, included mul- 
tiple runs per pilot for each configuration. 

Referring to Figures 13 and Ik  the nominal values for all the para- 
meters are: 

Kj, = 0., TL = 0, Kj, = .05, w = 5., C ■ -35, Kj, ■ 0., «^ • 0. 

?2B0-» \ = 0" T1L 
= 0" Ll = L2=!0- 

a)p = 0.. Cp = 0.. TR = .35, Ko = -.1, ^ = .3, TR = .35 

K- = function of Flight Condition with aerodynamic derivatives given 
in Reference 11. 

(l) Longitudinal Configurations 

Compatibility of C* criterion with mission loop closures and 
application due to time delays, lower C* boundary, nonlinear!ties 
and higher order terms were investigated in the pitch axis. The 
step response data presented show the tiT.e history character- 
istics as generated with flight control system variations in 
relation to the C* and C* rate of change criteria. 

o Time Delay Response Variations (Switch 2 only closed) 

Variations due to time delay (AT) were determined by holding 
the output of the digitally generated prefilter signal at 
zero for the specified (AT) length of time. Time histories 
for two values of delay time are shown in Figure 17. 

o Prefilter Time Constant Response Variation (SW 1 only closed) 

Effects of lower boundary response variations were generated 
by varying the prefilter time constant (T^). Four different 
values were investigated and the resulting C« and dCu/dt time 
history responses are shown in Figure l6. 
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o Nonlinear Response Variations(SW k  only closed) 

Nonlinear response variations were obtained with variation of 
limits (L-^ and L2) and the high pass time constant (TiT ). 
Corresponding time history responses for step input are shown 
in Figure 19. 

o Higher Order Response Variations (SW 2 and 3 only closed) 

Variations of higher effects on C* were obtained by variation 
of prefilter damping (?). The normalized time history re- 
sponses for CJJ and dCjj/dt are shown In Figure 20. 

(2) Lateral-Directional Configurations 

Lateral-directional handling qualities were investigated with 
variations in roll prefilter time constant, decoupled responses, 
and adverse/proverse yaw characteristics. 

o Roll Time Constant Response Variations (SW 6 only closed) 

Variations in roll rate respor.oe were obtained by varying the 
prefilter time constant (Tp). Five different values of the 
time constant were investigated and the corresponding time 
history responses for aileron step command input are shown 
in Figure 21 for normalized roll rate (PJJ) and normalized 
roll acceleration (PJT). 

o Decoupled Responses (Switch 6 only closed) 

Decoupling between the lateral and directional axes was accom- 
plished by modifying the airframe equations of motion and 
setting the coupling aerodynamic coefficients to zero. Time 
history traces for aileron step command inputs are shown in 
Figure 22, Similar traces for rudder step command inputs 
are shown in Figure#23 for sideslip angle and sideslip rate. 
The corresponding D-, and D^ responses are shown in Figure 2k. 

Decoupled aircraft dynamics were investigated to determine 
if any improvement will result when the lateral-directional 
aerodynamic coupling is reduced to a minimum. Only a token 
effort was made In this area as shown in the final results, 
but the basic concept was to investigate dichotomous operation 
of the roll and yaw axis. 

o Adverse/Proverse Jfaw Response Variations (Switch 5 and 6 closed) 

Effects of adverse/proverse yaw variations were investigated 
by changing the roll to yrw crossfeed gains. Time history 
traces for aileron command inputs are shown in Figures 25 and 
26. 
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U. SCORING .SUD DATA RECORDING 

The development of the candidate performance criteria for the SFCS pro- 
ject required extensive use of man-in-the-loop simulation for evaluation 
of the handling quality characteristics associated with the configura- 
tions described in the Simulation Mission and Test Configurations Section. 
The peri*ormance indicators used to rate each configuration inc^aded a 
solicited COOPER-KAEPER rating, Tahle VI,with pilot comments and the 
assessment of statistical data generated in the form of histograms, cum- 
ulative distribution fanctions, figures of merit, and pilot effort 
indexes. In addition, continuous time histories of certain parameters 
were recorded on analog strip charts. Tne strip chart records were used 
to monitor the runs in progress and to supplement, when necessary, the 
COOPER-HAFPER ratings and the statistical measurement data. 

In each scored mission phase the pilot first had to meet the scoring 
entry requirements, listed in Table V, in order to activate the scoring 
light which flashes when all the initial requirements are met. Compata- 
tions in the digital program were processed when the scoring button was 
pressed in the crew station by the pilot. In the air-to-air combat mode, 
the scoring was started automatically as soon as all conditions were met. 

Indication to the pilot that digital performance data was being generated 
was provided with the solid (non-flashing) illumination of the scoring 
light. Fixed computational intervals were used for the LAHS phase, 
reconnaissance phase, and the air-to-air combat phase. For these three 
phases the scoring interval lengths were 50, 30 and 60 seconds, respec- 
tively, and the scoring was terminated automatically at the end of the 
interval. 

In weapon delivery and in ground attack the scoring interval was termi- 
nated by the pilot. In weapon delivery the scoring was terminated when 
the pilot pressed the bomb button and in ground attack the scoring was 
stopped when the pilot pressed the trigger. 

a. Histograms 

Histrograms were generated by programming the CDC 6600 Digital Com- 
puter to count the number of times a varying parameter was within a 
given range. Histogram plots in Appendix V show the number of counts 
per interval versus the number of intervals for Configuration 1.01 
which corresponds to the NOMINAL case values as shown on Page 1+5. 
The sampling of parameter values, sorting into bins (intervals), and 
couuting of the number of values in each bin were performed in the 
main digital program while scoring was in progress. During weapon 
delivery and ground attack phases, the sampling was performed on every 
pass chrough the main digital prog^m (0.02 seconda); in LAHS and 
air-to-air combat phases the sampling was performed on every fifth 
pass (0.1 seconds); and In reconnaissance on every tenth pass (0.20 
seconds). The upper and lower histogram limits are specified as 
computer input data for each scored parameter. 
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After each scoring interval (five times during each run) all the bin 
count data are buffered out from the main digital computer memory to 
a disc storage. After one run is completed, or after a series of 
runs, the disc data are reprocessed by the computer and the printouts 
containing the histograms, cumulative distribution functions, pilot 
effort indexes, and figures of merit are generated. 

Cumulative Distribution 

A cumulative distribution plot uses the same abscissa as the histo- 
gram but has a modified ordinate, expressed in percentages, represent- 
ing the summation of ccvnts over all previous intervals plus the 
number of values falling below the lower histogram limit. When the 
varying parameter is between its two extreme limits, the cumulative 
distribv';ion plot ranges between 0 percent and 100 percent. When any 
parameter values fall below the lower histogram limit, the cumulative 
distribution function starts on the left at the appropriate val-ie 
greater than zero, and when any parameter values fall above the upper 
histogram limit the cumulative distribution reaches less than 100 
percent on the right. 

Figure of Merit 

A figure of merit (FOM) is the weighted average of the histogram. 
The intervals used for computation of FOM were the same as the 
intervals used for histograms and for cumulative distribution 
functions. The FOM concept as defined below is a mathematical 
technique used for transforming time varying data over a given 
Interval into a single number which should be maximized.  Selection 
of this method was based on its single value relationship to specific 
SFCS design parameters to which performance sensitivity was to be 
established, and also on its usefulness as a qualitative measure of 
system effectiveness. As such it is not a final system effectiveness 
metric such as hit/kill probability parameters for which detailed 
subsystem descriptions and large amounts of data would have been 
needed for representative computations. Preliminary estimates indi- 
cate that these combat performance parameters can be significantly 
influenced by: 

o Target 
1) Vulnerability 
2) Maneuvering capability 
3) Manned or unmanned 

o Gun System 
1) Dispersion error 
2) Bias error 
3) Caliber and firing rate 
k)    Bullet dynamics 

o Optical sight 



Due to this complexity, the above factors are only Included when ab- 
solute system effectiveness is to be determined with a specific 
weapon system against a specific threat. One disadvantage of the FOM 
approach in application to the present study, is that use of more com- 
plex imprecise or simplified math model representation of the above 
systems could hide the sensitivity characteristics and complicate con- 
templated testing of selected configurations. Generalization of 
results to other mission mode tasks is also more difficult if absolute 
values are used. 

FOMs for Azimuth error, elevation error, total angular error, and 
range were used to establish quality of tracking performance in the 
CO mode of operation. Mode initiation during simulated mission and 
pilot familiarity with canned target maneuvers were such that rela- 
tively constant range values resulted during target tracking maneuvers 
and no significant sensitivity trends were evident from the FOM range 
data. Total angular error is defined as the square root of the 
summation of elevation error squared and Azimuth error squared which 
in turn are defined as the aim error of the aircraft in elevation and 
Azimuth direction respectively. As longitudinal and lateral-direc- 
tional configurations were tested, maximum sensitivity was realized 
in these two key parameters, therefore they were used for final data 
documentation. Variations in these parameters represents variations 
in "time in desired envelope" characteristics which are qualitatively 
related to the absolute system effectiveness because improvement 
in FOM values will improve absolute effectiveness but no specific 
amount can be quoted unless a detailed hit/kill probability model is 
formulated and used. 

21 
FOM = £•  21-i h± 

i=l  20 

where hj[  is the  "^action of the total occurrences during which a 
parameter's m&gv     de falls into the i-th interval.    The weighting 
coefficients us.     for all other parameters resulted in a FOM defined 
as: 

11 
FOM =    £      i^l 

i=l    10 

where the meaning of i and h^ is the same as for the first FOM. 

d. Pilot Effort Index 

A measure of the pilot effort required to accomplish the given task 
in each mode is defined as the product of pilot applied stick force 
in each axis times the corresponding stick deflection. The multiple 
cation is performed separately for the longitudinal and lateral 
channels and the absolute values of the two products obtained are 



TABLE im 
SCORING PARAMETERS APPEARING ON PRINTOUT PLOTS 

Phase 
(Mode) 

Histogram Parameters 
Cumulative 
Distribution 
Parameters 

(CD) 

Figure 
of 

Merit 
(FOM) 

Longitudinal 
and Lateral 

Effort 
Index 

1 2 3 4 

LAHS Pitch 
Error 
Needle 

Roll 
Error 
Needle 

One 

Value of 
Same as 

FOM 
Histogram 

for Each 
Parameters 

Histogram 

Parameter 

One 

Value of 

Longitudinal 

PEIand 

Lateral- 

Directional 

PEIfor 

Each 

Phase 

(Mode) 

WD Elevation 
Angle 
Error 

Azimuth 
Angle 
Error 

Sideslip 
Angle 

Angle 
of 
Attack 

RECON Pitch 
Angle 

Roll 
Angle 

Yaw 
Angle 

Altitude 

GA Elevation 
Angle 
Error 

Azimuth 
Angle 
Error 

Total 
Angle 
Error 

Sideslip 
Angle 

CO Elevation 
Angle 
Error 

Azimuth 
Angle 
Error 

Total 
Angle 
Error 

Range 

integrated over each scoring interval.    The results are identified 
as longitudinal and lateral Pilot Effort Indexes and are sl^cwn in 
the top right  corner of the printout plots. 

e. Printout Plots 

The above described scoring techniques were correlated to the pilot 
task parameters for each mission mode and a selected set of parameters 
to be scored was chosen. A summary of the mission modes with scored 
parameters is shown in TableVII. The corresponding examples of digi- 
tal computer printout plots which were generated on-line for each 
simulation flight are presented in Appendix V. A separate set of 
these plots was generated for each pilot and for every configuration 
flown in the simulator. 

f. Strip Chart Records 

Strip chart records were made of all phases of the simulated mission. 
The recorder data were used in initial checkout of the hybrid simu- 
lation and in the real-time monitoring of the simulation runs. The 
strip chart format provided the capability for continuous recording 
of a relatively large number of parameters, combined with the advan- 
tage of flexibility when changing the parameters to be recorded. The 
strip chart time history data were also useful for correlation with 
COOPER-HARPER ratings and helpful in assessment of pilot performance 
as documented on the digital printout. 
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Three Brush recorders were used to generate the strip chart records. 
Longitudinal, lateral-directional, and general flight environment 
data were recorded on eight channels, as shown in Table VIII. In 
addition, two recorders show discrete ON-OFF data spaced between the 
continuous channels. Four of the signals, representing longitudinal 
and lateral stick forces, the rudder pedal force, and the throttle 
angle, were.available as DC voltages in the crew station and were 
recorded without having to pass; through the digital computer. All 
the other continuous and discrete parameters were transmitted from 
the digital computer to the analog recorders using an Adage converter. 
Additional information, including a sample set of analog records for 
all five scored phases in one run, i: presented in Appendix V. 

g. Tape Recorded Pilot Comments 

After each simulation run the pilots were asked to rate separately- 
each scored phase of the run and to comment on their ratings as well 
as on the general handling qualities of the configuration flown. All 
the pilot ratings and the associated comments were recorded on tape 
and transcribed after the study was completed. A summary of repre- 
sentative remarks made by pilots during various test runs is presented 
in Appendix VII. 

5.  PILOT PARTICIPATION 

Each pilot was given an opportunity to familiarize himself with the 
hybrid simulation setup after which pilot ratings, comments, and perfor- 
mance data were obtained for the tested configurations. Each pilot was 
given a set of written and oral instructions describing the piloting 
tasks as well as the general objectives of the simulation program. The 
pilots were asked to rate the scored mission phases, and provide comments 
on the handling qualities simulated in each test configuration. 

a. Pilot Experience 

Participation in the Control Performance Criteria simulation included 
three pilots from MCAIR Flight Operation Department and two pilots 
from the Flight Test Division, USAF, Wright-Patterson Air Force Base, 
Dayton, Ohio. A summary of the flight time and aircraft type flown 
by each pilot is presented in Table IX. Each pilot had previous 
hybrid simulation experience during handling qualities studies. 

b. Testing Procedure 

The fixed base crew station was located in a separate room adjacent 
to a larger area where the analog and digital computers are located. 
While the simulation runs were in progress the pilots were generally- 
alone in the darkened crew station room and an intercom system was 
used for communication. 
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TABLEXm 
PARAMETERS RECORDED ON ANALOG STRIP CHARTS 

Longitudinal Parameters 

(Recorder No. 1) 

General Parameters 

(Recorder No. 2) 

Lateral - Directional 

(Recorder No. 3) 

Channel 
1 

Longitudinal 
Stick 

Force C) 

Pitch Error 
Needle 

(LAHS Phase Only) 

Lateral 
Stick 
Force 

Discrete 1 Score Button Light Mode Number (Bit 1) - 

Channel 
2 

Pitch 
Rate 

Roll Error 
Needle 

(LAHS Phase Only! 

Roll 
Rate (*) 

Discrete 2 Longitudinal Trim Activation Mode Number (Bit 2) - 

Channel 
3 

Pitch 
Angle 

Range 
Roll 

Angle 

Discrete 3 Mode Number (Bit 3) - 

Channel 
4 

Normal 
Acceleration 

at Pilot Stetion 

Longitudinal 
Pilot Effort 

and Lateral (*) 
Pilot Effort 

Lateral 
Acceleration 

at Pilot Station 

Oiscruce 4 Bomb/Trigger Button Mode Number (Bit 4) - 

Channel 
5 

Angle 
of Attack 

Bobweight 
Force 

Sideslip 
Angle 

Discrete 5 Pilot Number (Bit 1) Lateral Trim Activation - 

Channel 
6 

Elevation 
Angular 
Error C) 

Throttle 
Angle 

Rudder 
Pedal 
Force 

Discrete 6 Pilot Number (Bit 2) Directional Trim Activation 

Channel 
7 

Azimuth 
Angular 

Error (*) 
Altitude 

Yaw 

Rate (*) 

Discrete 7 Pilot Number (Bit 3) Speed Brake Activation - 

Channel 

8 
Calibrated 

Velocity 
Mach 

Number 
Yaw 

Angle 

Asterisk indicates parameters which were not recorded in the air-to-air combat phase. 



TABLE IX 
PILOT EXPERIENCE SUMMARY 

Typ* of Aircraft 

Number of Pilots 

MCAIR USAF             | 

1 2 3 4 5        | 

Jet Fighter 3800 3000 4800 2500 3200 

Other 200 300 500 100 205 

At the start of documentation running, each pilot was given the 
opportunity to fly as many practice runs as desired. Typically, four 
to six practice runs were sufficient for familiarization with simu- 
lated mission and pilot tasks involved. 

Documentation runs were usually made in sets of five to seven runs 
with average duration of eight to ten minutes for each run. In cases 
when the pilots flew consecutively more than one set of runs, break 
periods were taken between the sessions. The mission phases and the 
piloting tasks remained unchanged for all documentation runs, while 
the simulated configuration with the associated handling qualities 
was changed from one run to the next. Between the simulation runs 
the pilots spent, on the average, two to three minutes providing 
ratings and comments as described below. 

c. Pilot Briefing and Questionnaire 

The documentation pilots were given written instructions which in- 
cluded a description of the purpose of the study, an outline of the 
simulation plan, and a description of the piloting task as presented 
in Appendix VI, Pilots received copies of the mission plan, Table V, 
and a table identifying the COOPER-HARPER, Table VI ratings as 
adapted from a figure in Reference 8. In addition, any re^u-o-a 
questions the pilots had were answered before and during the simula- 
tion. 

The documentation runs were made in sequences of two to six runs 
where only the longitudinal or only the lateral-directional handling 
qualities were varied. 

At the completion of each documentation run the pilots were requested 
to give a separate COOPER-HARPER rating for every scored phase of the 
simulated flight and to comment on the handling qualities. A 
questionnaire. Figure 27, was prepared and given to pilots to be used 
to aid in formulating their ratings and comments. The questionnaire 
was used by the pilots as a guideline in preparing their answers 
which were recorded on tape for later evaluation. 
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Pilot Date  

Configuration  

Provkto Coopw-Hvpir (CH) Rating for: 

1. PhaM(Moda):     LAHS     WO     RECON    GA    CO 

CH Rating  

2. |   Commant on handling qualitiM and ralata thtir effect on accomplishment of pilot task 
taaoolicable miMion mode: 

Longitudinal 

(a) Short Period Retponte 
(b) Maneuvering 
(c) RIO Tendencies 
(d) Control in Divet 
(a) Tracking 
(f) Precision Flying 
(g) Turbulence 
(h) Stability 
(1) Other 

Lateral-Diractionai 

<j) Dutch Roll Oscillations 
(k) Roll Rate Response 
(I) Sideslip Response 
(m) Lateral Acceleration 
(n) Turn Coordination 
(o) PIO Tendencies I 
(p) Control in Divas 
(q) Turbulence 

Comment at desired: 

FIGURE 27 

PILOT QUESTIONNAIRE 
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SECTIOI VIT. 

SIMULATION RESULTS 

Pilot ratings and scoring data obtained during the simulation were plotted in 
parametric form to show how test configurations described in Section 3.6 
affected accomplishment of outlined mission mode tasks. Flight control system 
block diagrams are shown in Figures 13 and lkt  and associated switching mode 
data is presented in Figures IT through 26. Comments reflecting pilot opinion 
of handling quality characteristics ar determined by individual test config- 
urations are presented in Appendix VII. Documentation data presented in 
Figures 28 through 3^ show results of hybrid rimulation testing as plotted 
against the parameter variations investigated during the analysis phase. The 
data is arranged horizontally according to the sequence of five mission modes 
(LAHS, WD, RECON, GA, and CO) tested during the man-in-the-loop simulation 
and vertically according to the measures (CH ratings, FOM for longitudinal 
task parameters, and center stick PEl) used in assessment of pilot performance. 
Data points shown in the figures are arithmetic averages of values generated 
by all five participating pilots with one or more runs per configuration. An 
overall average of four run values were used per plotted data point shown 
with this value increasing to 10 for the nominal case. Some test subject 
variation was experienced during the simulation phase. The variation was 
significant during the initial portion of pilots' learning curves a* evidenced 
during evaluation phase. Increased exposure to the hybrid simulator mission 
and repitition of associated tasks reduced this variance significantly by the 
time documentation data was taken. 

Side Stick Controller operation and usage as described in Section VI resulted 
in qualitative evaluations which were in support of simulation results shown 
in this section. Pilot comments and investigation results (CH rating) indi- 
cate that S3C usage lowers the pilot physical work load significantly and 
makes the flying task in all mission modes much easier. The handling quality 
characteristics, as measured by FOM, desired by pilots in conjunction with 
SSC operation appear to be equivalent to those for center stick operation and 
mechanization of SFCS as described in Supplement 2 shows no control law feed- 
back changes with its usage. 

1. LONGITUDINAL TEST CONFIGURATIONS 

Pitch axis handling qualities were modified with variations in prefilter 
time delay, time constant, and quadratic lag characteristics to produce 
simulated nonlinear and higher order dynamic characteristics. Switching 
positions called out for each configuration refer to Figures 13 and lU. 

a. Time Delay Configurations (Switch 2 only closed) 

The nominal configuration with zero time delay and two additional 
configurations as shown in Figure IT were investigated during the 
simulation. The documentation data for all three combinations are 
shown in Figure 28. The relative height of the FOM and PEI data 
points are due, in large part, to the selection of digital printout 
limits shown in Appendix IV. Consequently, the plotted data are 
useful for establishing relative trends ä'A to parameter variations 
such as the time delay characteristics, but io not completely reflect 
the absolute accuracy at' ainable in a real time combat environment. 
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As can be seen In Figure 28, the most significant trend in tine de- 
lay variation was realized in the air-to-air combat mode of opera- 
tion where the longitudinal pilot effort index depicts an increasing 
value as the delay time is increased. This signifies that the pilot 
had to work successively harder to maintain minimum tracking error. 
The pilot ratings show a sharp decrease for the same varl^Mon and 
pilot comnents given in Appendix VII indicate unacceptable operation 
for the maximum value of AT ■ 0.21» seconds. Pilot ratings were 
highest in the RECON mode with apparent acceptance of the maximum 
time delay value for this type of control. In all other modes, the 
longitudinal performance as measured by FOM parameters showed a 
slight decrease from AT * 0 to AT ■ 0.1 seconds and a definite down- 
ward trend from AT ■ 0.1 to AT = 0.2^ seconds. Lateral directional 
parameters were not exceptionally affected except for the CO mode 
where some coupling into the roll axis was evident. 

b. Time Constant Configurations (Switch 1 only closed) 

Pilot ratings obtained during simulation of time constant configu- 
rations show similar trends in all modes of operation. The data 
presented in Figure 29, along with appropriate pilot comments as 
documented in Appendix VII substantiate a downward trend in the CH 
ratings for values of T, greater than 1.0. Tor lower T^ values, the 
pilot ratings are relatively constant except in the air-to-air com- 
bat mode where pilots felt that lower values yielded poorer perfor- 
mance. Similar trends and consistency are seen in the longitudinal 
FCN and PEI data where a peaking effect occurs at a Tj) value of 
0.30.    In all modes, the general shape of those performance data 
correlates well with the pilot ratings as d:picted in the air-to-air 
CO mode except that the peaking effect occurs at a lower value. It 
is Interesting to note that somewhat more coupling into lateral 
directional motion resulted with these configurations, but the trend 
in PEI parameters is generally in concert with the longitudinal 
trends. The lateral performance values are complimentary in all 
modes except GA (strafing) where a peak reversal resulted in azimuth 
tracking. 

c. Nonlinjar Configurations (Switch k only closed) 

Effects of time constant variations in the pitch axis (nonlinear pre- 
fliter) were evaluated by simulation pilots and the documentation 
data obtained are presented in Figure 30. Pilot comments of asso- 
ciated handling qualities are given in Appendix VII for each configu- 
ration investigated. The performance data and pilot opinions 
generally reflect a decreasing preference for higher time constant 
values as demonstrated in all three visual modes of operation. Pilot 
performance during the nonvisual modes (LAHS and RECON) suffered 
only slightly, while the CH ratings improved in both modes with a 
relatively constant pilot effort index for the whole range of time 
constant variations. It is interesting to note that in these modes, 
pilot acceptability does not significantly diminish during the 
rather large variation of time constant values and completion of the 
terrain following/avoidance tasks, as well as the precision cruise 
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flight task, axe not adversely affected. Some coupling into the 
lateral-directional axes during these modes of operation was realized 
with a most noticeable decrease in the FOM at the maximum value of 
T^-r ■ 5.0. The air-to-air combat mode exhibits the greatest 
variation in performance data with sharp reduction in elevation 
tracking, and  a steep increase in pilot's longitudinal PEL 

d. Higher Order Configurations (Switch 2 and 3 closed) 

Pilot ratings were significantly affected by higher order dynamics 
as seen in Figure 31* The pilot comments presented in Appendix VII 
for these variations indicate a noticable sensitivity to low damped 
oscillatory response characteristics. However, the variation in CH 
ratings is not entirely indicative of the variation in performance 
data as seen in the figure. Except for the RECON phase, a relative- 
ly constant longitudinal performance level was achieved in each mode 
of operation. The low ratings reflected an apparent dislike for 
the simulated higher order characteristics, but pilot flying tech- 
niques adequately compensated for these adverse handling qualities 
to achieve reasonably invariant performance levels. As in previous 
modes, some coupling into the roll/yaw axes resulted especially in 
the CO mode were both PEI parameters, show noticeable upward trends. 

2.  LATERAL-DIRECTIONAL TEST CONFIGURATIONS 

Lateral-directional handling qualities were modified with gain variations 
in the flight control system to produce response characteristics rep- 
resentative of roll time constant variations and  degrees of inter-axis 
decoupling with various levels of adverse/proverse yaw characteristics. 

a.  Roll Response Configurations (Switch 6 only closed) 

Roll response characteristics described in Section VI were 
investigated during the man-in-the-loop simulation to help establish 
the roll transient oundaries desired by the pilot for accomplishment 
of the outlined mib^ion mode tasks. The documentation data shown 
in Figure 32, along with pilot comments, indicate a general downward 
trend in the CH ratings, with an accompanying upward trend in the 
lateral PEI data, for increasing TR values. Lateral tracking per- 
formance is relatively constant throughout the range of variations 
investigated, indicating that the pilot was able to maintain same 
level of lateral tracking accuracy for changing values of time 
constant.  Some coupling into the pitch axis is evident in the CO 
mode where a slight improvement results from sluggish roll axis 
operation. The relatively minor Variation in the task parameter 
values indicates that pilots were able to maintain the desired level 
of performance but had to work harder to acheive it. The incremental 
addition in work resulted in some reduction in the CH ratings as 
seen in Figure 32. These data tend to support the belief that pilot 
rating deterioration is not evtomatically accompanied by a deterior- 
ation in performance level as shown in the Figure 32. 
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b. Adverse/Proverse Yaw Configurations (Switch 5 and 6 closed) 

Generation of an acceptable D? boundary for use in evaluating direc- 
tional response characteristics to step force inputs was the purpose 
for testing selected adverse/proverse yaw configurations. The docu- 
mentation data obtained during the simulation are a function of roll- 
to-yaw coupling and are plotted in terms of DJ msgnitudes at two time 
points (t s 1.0 second and t = 3.0 seconds.) Performance data for 
each scored mission mode are shown in Figures 33 and 3h,  with pilot 
comments given in Appendix VII. All configurations shown in Figure 
26 are included in the plots of Figures 33 and 3h.    In Figure 33, the 
abscissa scale corresponds to the amplitude of the Df transients 
(Figure 26) at 1 second time, and in Figure 31* the abscissa scale 
corresponds to the DJ amplitude at 3 seconds. For example, in Figure 
33 the points with abscissa ralue of DJ a -0.8 degrees correspond to 
configuration number 5 in Figure 26. The data and comments indicate 
a reduction in pilot ratings for configurations with relatively large 
DJ magnitudes, both positive and negative. This is verified, in part, 
by the lateral performance data and further evident from pilot PEI 
variations for each mode. Interpretation of these data indicates 
that a downward variation in pilot acceptance was realized, with a 
zero value of DJ apparently most desirable. The criterion region 
appears to be bounded with the configurations tested during the simu- 
lation. 

c. Decoupled Configurations (Switch 6 only closed) 

Data for decoupled configurations as Investigated during the simula- 
tion were added to Figures 33 and 3^ to enable comparison with related 
information as presented in these figures. FOM values for task param- 
eter and pilot PEI values shown in the figures indicate achievement 
of performance levels generally equal to those associated with the 
nominal configuration. In contrast, the pilot ratings were generally 
lower and significantly lower during the GA and CO modes of operation. 
The usual correlation of lateral PEI with CH ratings does not seem to 
be consistent with the decoupled configurations especially during GA 
and CO. This can be attributed, in part, to pilot flying techniques 
possibly being altered during the decoupled runs, which resulted in 
lower ratings. 

d. Multiple Variations 

The test procedure followed during the simulation consisted of run 
sequences in which one response characteristic was varied at a time. 
It was hoped that this approach would provide maximum correlation of 
pilot performance variation with subject response characteristics 
being modified. Variation of two or three parameters at a time 
compounds the process of identification of a candidate criterion and 
for that reason was not emphasized in the test plan. It was hoped 
that any flight test follow-on effort would utilize this approach to 
establish the sensitivity characteristics of the proposed criteria. 
From study results, it is felt that if slightly off-nominal values 
were considered in multiple combinations the results would not be 
significantly different from those shown from the nominal case. 
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Intuitively,  if more extreme cases of longitudinal, lateral and 
directional response characteristics were varied in pairs of two or 
three, the degradation would not be linearly proportional but 
definitely worse than the equivalent data shown for one parameter 
variation. 

3.     RECOMMENDED CRITERIA 

Document at i on data from hybrid man-in-the-loop simulation effort as 
shown in Figures 28 through S1* was crossplotted to determine variation 
of pilot rating with mission modes investigated.    Results are presented 
in Figure  36 and show the CH rating data in equivalent curve form for 
six categories of design parameter variations tested during the hybrid 
simulation.    General trend in the data indicates consistently lower rat- 
ings in all modes of operation for limiting design parameter values  (low 
damping, high Tp values, high TL values etc.) with little or no crossing 
of the curves from mode to mode.    For these design parameter values,  low 
ratings (high CH values)  are generally low in all modes.    High ratings 
such as those associated with the nominal case are rated high (low CH 
values)   in all modes and many times grouped with equally high rated con- 
figurations which also fall into acceptable areas of the candidate 
criteria.     Since no clear trend is evident in the data in the form of 
alternating high and low values for the design parameters,  it is concluded 
that the performance criteria need not be based on mission modes but 
rather on short period handling qualities criteria as described in this 
report.    CH ratings tend to be better for less demanding tasks and poorer 
for more demanding tasks.    Tasks such as takeoff and landing or in-flight 
refueling which were not included in this investigation may benefit  from 
some change in control law. 

Documentation data from man-in-the-loop simulation resulted in modifica- 
tion of the performance criteria candidates as formulated during analyses 
and studies. 

Pitch axis configurations tested helped establish a revised shape for 
the C* criterion envelope and the C* rate of change requirement was 
modified to be more effective against undesirable response characteristics. 
Modification of the C* criterion included elimination of the initial 
time delay characteristics and the reduction of the lower boundary in 
the time interval, between 0.5 sec.  and 1.0 sec.  as shown in Figure 35. 
The latter change was possible since favorable documentation data were 
obtained during investigation of nonlinear and time constant variations. 
As a consequence of the higher order investigations the boundaries of 
the rate of change requirement were modified and positive response 
rates between t = 0 and t = 0.2 sec now fall into the acceptable 
area.    The envelopes of acceptibility shown in Figure  36 constitute the 
recommended performance criteria for use in the evaluation of the SFCS 
pitch axis flight control system.    A comparison of the recommended cri- 
terion with the candidate and original C* boundaries is shown in Figure 37. 

Pilot comments indicated that roll time constant values near T    ■ 0.5 
were most desirable for good lateral maneuvering and control.    Accept- 
ability of roll time constant variations tested during the fixed base 
simulation appeared to be marginal for values greater than T,, = 1.0 sec. 
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Consequently, the lower boundary, as established during analysis, was 
moved slightly upward as shown in Figure 38.    Excessive sensitivity and 
responsiveness attributed to lateral responses with time constant values 
less than Tp = J.l seconds indicated some lowering of the \ipper boundary 
was necessary in order to compensate for the adverse effect.    The corres- 
ponding change has been incorporated into Figure 38  and the associated 
rate of change envelope has been modified to constrain potential anomalies 
which may occur in the roll rate response.    A comparison of the recom- 
mended roll axis criterion with the candidate boundaries is shown in 
Figure 39« 
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Directional response data and pilot comments obtained during 
simulated rolling maneuvers indicate that the D* time history bound- 
ary as generated during analysis is represtatative of the handling 
quality characteristics desired by the pilots for lateral-directional 
control. The data presented show that the time history boundary 
levels as established during analysis are slightly conservative and 
should be modified upward to the new levels given in Figure kO. 
These new levels, as shown in the figure, are supported in part by 
the decoupled configuration data as presented in Section VI. 
Both D* and its associated rate of change envelope of acceptability 
shown In Figure kO are recommended for use during the evaluation of 
the SFCS directional control system. A comparison of the recom- 
mended criterion with the candidate D* boundaries is shown in 
Figure Ul. 

Since there is no apparent consensus of pilot opinion as to rudder 
pedal usage during flight and since directional handling qualities 
for rudder pedal force inputs are not extensively defined in present 
military specifications, only a cursory investigation of directional 
response requirements was made. Documentation results indicate that 
all configurations tested during the study effort provided satis- 
factory response dynamics with no adverse pilot comments on simulated 
yaw axis response characteristics. The time history data shown in 
Figure 2k  is representative of the yaw axis speed of response and 
damping properties inherent in the subject configurations tested 
during the longitudinal and lateral-directional parameter variations. 
From these data and the experience gained to date, it is felt that 
acceptable pilot ratings will be obtained if the D* time history 
response to a rudder step force command input has an overshoot of 
less than thirty percent and is more rapid (faster) than an equiv- 
alent single degree of freedom (first order lag) system with 
approximately unity time constant. These data are the best estimate 
at this time of the desired directional response characteristics and 
should be used as a guide in SFCS control law development, until a 
more comprehensive envelope of acceptability can be established. 
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SECTION VIII 

CONCLUSIONS AND RECOMMENDATIONS 

The results of the control performance analyses and simulation studies as 
presented above support the following conclusions and recommendations 
reached during the investigations: 

1. CONCLUSIONS 

a. The C* concept is applicable for use in the F-k  aircraft SFCS design. 
Its applicability is based on favorable results obtained from 
analysis and simulation studies, and on its strong correlation with 
advanced flight control system designs used successfully in the 
industry for closed loop augmentation prior to C* concept inception. 

b. From hybrid man-in-the-loop simulation studies and pilot comments, 
it is concluded that the C* handling qualities are compatible with 
the F-k  aircraft mission modes investigated. The mission task 
oriented basing of control laws, and the attendant mode switching, 
was not found necessary. 

c. Pilots indicated that the optimization of the feel system, as is 
done with conventional designs, is desirable; however, the high 
gain, closed loop control of the flight path sufficiently masks the 
aircraft dynamic response variations to negate the need for precise 
tailoring of the feel system used with FBW control. 

d. The adverse effect on C* applicability of time history response 
abnormalities including higher order and nonlinear characteristics 
can be reduced with modification of lower C* boundary and additional 
use of C* rate of change envelope of acceptability. 

e. The D* concept, in which lateral acceleration and sideslip angle 
were combined and used as a lateral-directional counterpart to the 
C* criterion, vis  formulated. Preliminary D* criterion boundaries 
were established for roll command step inputs. 

f. A roll axis time history envelope of acceptability was formulated 
for lateral step command inputs. 

g. Complete interaxis decoupling, as investigated during the hybrid 
simulation, did not show significant performance improvement over 
designs in which maximum ARI effectiveness was realized. Pilot 
comments indicate preference for zero roll-to-yaw coupling. Non- 
zero yaw-to-roll is deairad and used during low roll effectiveness 
flight conditions for achieving maximum roll rate. Pilots also 
desire some yaw-to-roll coupling for high angle-of-a^tt^ck rolling 
maneuvers. 

h. Tracking stability and weapon delivery equations were derived, and 
flight path control performance requirements were investigated. It 
was found that aircraft gun angle and flight control system dynamics 
significantly affect pilot-oriented closed loop stability and control. 
Performance requirements established during the study included the 
three axes criteria presented above. 
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2.    RECOMMENDATIONS 

Flight teat verification of the candidate criteria described in this 
report is necessary in order to estahlish their validity and encourage 
their usage in future flight control sysvem design efforts. 

  



APPEHDIX I 

LITERATURE SEARCH 

1. INTRODUCTION 

A library search of technical publications on Control Performa-^e and 
Handling Qualities Criteria for high performance aircraft has resulted 
in the compilation of the list of articles, as shown in Table X of 
this Appendix. All articles were reviewed for content application to 
SFCS and grouped into one of the following three categories: 

Category A = C* Criteria Articles 

Category B ■ Handling Quality/Simulation Test Flan Articles 

Category C = Handling Quality Criteria Articles, General 

2. SUMMARY OF APPLICABLE ARTICLES 

A brief description of a selected number of articles is Included In this 
report. This review effort was conducted to help formulate an efficient 
simulation plan and to help insure that anticipated SFCS Control Per- 
formance Criteria investigation has not been duplicated during previously 
reported work. 

a.  USAF (FDL) TDR-61*-60 
Flight Evaluation of Various Short Period Dynamics at Four Drag 
Configuration for the Landing Approach Task (196U) by C.R. Chalk 

In the investigation described in this report, the AFFDL/CAL 
Variable Stability T-33 aircraft was used to study the effect of 
short period dynamic and drag characteristics on longitudinal 
handling qualities for the landing approach task. The purpose 
of the study was to determine if sufficient Improvements in 
handling qualities can be achieved to warrant some reduction in 
approach and touchdown speed. The piloting task was to fly a 
constant speed approach which consisted of a straight-in IFR por- 
tion followed by transition to a visual glide path defined by an 
arrangement of lights. The approach was terminated by a wave off 
and followed by a visual circuit of the field and a second visual 
approach on the glide path with the same configuration. The pilot 
then commented on the control difficulties that he had experienced, 
answered a list of specific questions and finally assigned a pilot 
rating to the configuration. The airplane was equipped with electro- 
hydraulic servos to position the elevator, rudder, aileron, and 
drag surfaces in response to combinations of pilot commands and air- 
plane response parameters. Airplane angle of attack, angle of side- 
slip, angular rates, linear and angular accelerations, dynamic 
pressure and random noise generator were available as sensor feed- 
back inputs to the servos. Cockpit mechanization also allowed in- 
dependent variation of the control system characteristics during 
flight. Lateral directional mechanization Included yaw rate 

(Text continues on Page 102) 
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feedback (not washed out) to Improve Dutch Roll damping and to avoid 
excessive response to atmospheric turbulence. Longitudinal short 
period dynamics were varied through the use of feedback signals 
proportional to angle of attack, rate of angle of attack, and pitch 
rate. The drag characteristics were varied through the airplane 
configuration (i.e., landing gear up or down, flaps up or down), the 
nominal position of the drag petals and the gain between the petals 
and the angle of attack vane. 

Conclusions reached from the study include: 

(1) The airplane short period dynamics and longitudinal control 
gain are of major Importance to longitudinal handling qualities 
in the landing approach task. 

(a) When the damping ratio is decreased below 5 * .U the 
airplane will bobble in response to both control Inputs 
and turbulence. 

(b) When the short-period frequency is less than u  * 1.6 
rad/sec the airplane does not readily maintain angle of 
of attack or attitude by Itself. 

(c) The optimum longitudinal control gain is a function of 
the short period frequency and damping ratio. 

(d) Too high a control gain can cause closed-loop stability 
problems or pilot-induced oscillations, while too low a 
control gain results in excessive control motion and the 
feeling that the control authority is Inadequate and/or 
the airplane response is sluggish. 

(e) The power spectral density of elevator stick motion is a 
function of short period dynamics and turbulence Intensity. 

(2) Control of airspeed and flight path angle becomes progressively 
more difficult as approaches are made at increasing negative 
slope of the trimmed thrustspeed curve; or more exactly, as the 
value of s ■ 1/T. , moves farther into the right-half plane. 

1 
(a) Control of airspeed and altitude on the glide slope is 

achieved through coordinated use of pitch attitude and 
engine thrust. 

(b) Short period dynamic characteristics which reduce the 
precision of pitch attitude control will consequently 
degrade the precision of flight path and velocity control. 
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b. NATO (AGARD) Report 336 
Flying Quality Requlrementt for United States Navy and Air Force 
Aircraft (19M.) by W. Koven and R. Waslcko 

The report describes the major features of the US military aircraft 
flylnr quality requirements, reviews the history of the requirements, 
and outlines the reasons for some of the current flying qualities 
specifications. The report shows that there are Inadequacies In the 
specifications of flying qualities and presents some alternate 
approaches for establishment of future flying quality requirements. 

The report states that the military flying qualities specifications 
are based In part on compromises between the desires of the pilot 
and the des^n requirements for adequate payload, speed, altitude 
capability, maneuverability, range, production costs, and maintain- 
ability. The reasons for some of the main flying quality require- 
ments are presented. The friction, free play, and rate limiting in 
airplane controls are important to the pfot because they affect his 
ability to establish and maintain a precise flight path and attitude. 
Adequate damping in the short period mode is required since excessive 
sustained oscillations may lead to vertigo and loss of control. At 
low speeds adequate roll control Is required so that the wings can 
be maintained level during landing In turbulent air. 

The report also mentions requirements where the original specification, 
MIL-F-6785, la Inadequate. Since the report issue, in April 196l, 
some of the Inadequacies mentioned In the report have been corrected 
in the revised specification, MIIi-F-008785A(USAF). One of the 
corrected Items Is the requirement that the phugold mode time to 
double amplitude, T?, exceeds 35  seconds. Another corrected item is 
the requirement for a limit on the minimum natural frequency of the 
Dutch Roll (approximately 0.13 cycles per second). 

A number of past studies are mentioned where apparent discrepancies 
have been noted in the dat.. used as a basis for flying quality 
requirements. It is concluded that the apparent discrepancies in 
the data are probably due to the differences in the test conditions, 
such as flight environment, pilot opinion rating scales, and tne like. 
Therefore, the writers of the report consider it mandatory that the 
user of flying quality requirements understands the background of 
the requirements and Is familiar with the data which were used in 
deriving toe requirements. 

The report concludes that the pilot opinion of the dynamic 
characteristics of an airplane is not determined by any one parameter, 
but Instead is determined by the overall complete dynamics of the 
system the pilot is controlling (displays, cockpit controls, auto- 
matic control systems, and airframe). It is concluded that the 
flying quality requirements should be specified in terms of the over- 
all dynamic characteristics of the system, that is, the systems 
approach should be used. The report also states that additional 
research Is needed to provide a better understanding of pilot's 
response characteristics. 
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NATO (AQARD) Report kk3 
Lov-Altltude. High-Speed Handling and Riding Qualities (1963) 
by Ralph C. A'Harrah 

This reference presents the results of flight tests and simulator 
studies of handling and riding qualities at low altitudes and high 
speeds. The altitude range of interest was from zero to 500 feet 
above the terrain and the results of the study are applicable for 
speed range from 0.6 Mach to 1.2 Mach. 

The flight test portion of the Investigation was performed in an 
F9P-8T airplane. The test pilot ;'as sitting in the rear cockpit and 
his portion of the canopy was frosted. His assigned task was to 
follow the terrain under "Instrument Flight Rules" conditions. An 
artificial terrain signal was generated by a mechanical cam arrange- 
ment smd the actual altitude at which the flights were performed is 
not stated in the report. The same terrain was used in flight 
testing as in the simulator portion of the program. In flight 
testing and in simulation runs the altitude error was displayed to 
the pilot on a cathode ray tube. In addition, an  instantaneous rate 
of climb indicator was displayed to the pilots to aid them in pro- 
viding lead compensation. The actual test flights were performed at 
speeds of 0.6 and 0.7 Mach and the range of speeds was then extended 
on the simulator to cover the Interval from 0.6 Mach to 1.2 Mach. 

The results of the flight test portion of the program were used 
primarily to establish validity of the ground based dynamic simu- 
lation setup. The bulk of the study res-alts were obtained in the 
simulator runs. The simulation was primarily concerned with pitch 
and altitude motion; the third degree of freedom, roll attitude, was 
simulated only in a few runs when the effect of task sharing was 
investigated. The dynamic flight simulator included a one-degree-of- 
freedom vertically moving cockpit ("G" seat) with a total travel of 
approximately 12 feet and acceleration capability of +6g. The 
simulation cockpit contained the display instrumentation and a 
functional control system with simulated stick forces. 

One of the first tasks performed on the simulator were the check runs 
which were made to establish validity of the simulation. To es- 
tablish simulation validity an attempt was made to accurately 
duplicate five test flights on the simulator. Records of atmospheric 
turbulence were obtained during each of the five flights and this 
recorded gust-induced load factor signal was then used to drive the 
simulator durin,; the validation runs. After five validation flights 
the pilots felt that the authenticity of the simulation had been 
proven and that further validation flights are not required. The 
data obtained on the simulator were generally similar to the data 
obtained in test flights.  However, the mean altitude above terrain 
was approximately 110 feet higher for the test flights than for the 
simulator flights, and it appears that in simulator flights the 
pilots wer3 more willing to accept negative load factors. 

104 



In evaluation of handling qualities the pilots vctre asked to rate 
the basic airplane stability Independently of the control system 
rating} still the author states that any such closed loop evaluation 
is bound to show some "inter-effect". The results defining satis- 
factory airplane stability characteristics are presented as an 
acceptable region in a frequency versus damping plot for the short 
period mode. The acceptable short period frequencies range approx- 
imately tram O.U  cps to as high as 3.0 cps, and the corresponding 
range of acceptable damping ratio values is approximately betveen 
0.2 and 1.5- The author compares his results with an earlier 
Cornell Aeronautical Laboratory reference (WADC TR 57-719, Part II, 
by C. R. Chalk) and notes that the acceptance region for dhort period 
frequencies up to 1.0 cps is approximately the same in both studies. 
However, the earlier Cornell study shows an unacceptable region at 
frequencies above 1.2 or 1.5 cps, while this report indicates an 
acceptable region extending to frequencies as high as 3.0 cps. 

In describing the results of the control system investigation the 
report concludes that the choice of the control stick force gradient 
and stick sensitivity should depend on whether or not a particular 
aircraft has PIO (pilot induced oscillations) tendencies.  In general, 
suitable force gradients fall between 1.0 and 10.0 Ib/g and suitable 
sensitivities are somewhere between 1.0 and 10.0 g/inch. 

The Cooper Rating Scale was utilized and,  in order to provide em 
index of dispersion for the ratings, the standard deviation values 
were computed. The standard deviation values for the ratings were 
found to range between 0.26 and 0.97. which is considered acceptable. 

d. AIAA Paper 6U-555 
Prediction of Aircraft Flying Qualities by Flight Simulators and 
Other Methods With Flight Comparisons (1961) by F. O'Kara   "" 

In this paper, a brief account is given of some work in connection 
with the prediction of flying qualities, the study of flight dynamics 
by free flight models, and the development of ground based flight 
simulator techniques. 

Flying qualities of our aircraft are evaluated from handling criteria. 
The aircraft is considered tc have good handling characteristics if 
desired states of flight can be maintained or maneuvers completed 
with little mental or physical, effort, and conversely the aircraft 
has bad handling characteristics if large effort is required to 
perform these tasks. Whatever analytical methods are proposed for 
the assessment of the aircraft flight dynamics, their reliability 
depends on the accuracy with which the characteristics, aerodynamic, 
inertia, etc. can be predicted.  During the design stages of an air- 
craft, existing handling criteria have to be used for guidance as to 
the probable qualities of the project, and in some cases design 
modification may be required because of indications of unsatisfactory 
handling characteristics. 
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The study of the motion of free flight models has the attraction of 
providing direct evidence of an aircraft's dynamic characteristics 
without the need for analytical formulation of aerodynamic data, 
which are required for the solution of the theoretical equations of 
motion. Techniques employing models which eure both geometrically 
and dynamically similar to an aircraft can be used to study stability 
and response over a wide range of flight conditions. The free flight 
model may be the only practicable method of investigation when the 
aerodynamic derivatives are markedly nonlinear and frequency 
dependent, or where cross coupling terps are Important. The free 
flight models have been used to investigate the following: spinning 
characteristics of fighter aircraft, measure stability derivatives 
and to explore onset of Dutch Roll instability, derivatives m and 
m have been determined from longitudinal tests. ' 

The advantages of flight simulators for making handling assessment 
are that more of extra elements in the flight sicuation can be 
Included in the assessment, and most important, that the pilot himself 
is enabled to experience the proposed stability and control character- 
istics, and possibly try out varlatlcns on these, at an early stage 
in a new design. The main factors which have to be considered in 
making a simulator Investigation are: Computation of aircraft motion, 
presentation of simulation to pilot and pilot impressions. 

In conclusion it can be said that the various methods of predicting 
handling qualities can be seen to be complementary. Comparison of 
estimated flying characteristics with existing criteria is the first 
guide for a new project. For unconventional designs, the relevance 
of available handling criteria is uncertain, and a flight simulator 
then offers the simplest way to a handling assessment, the validity 
of which depends on the representativeness of the simulation. The 
reliability of the results also depends of course on the accuracy of 
the data used and on the completeness of the mathematical analysis. 
For more complex motions, and also for an overall check on studies 
of simple motions, the free flight model technique is invaluable. The 
final answer is the flying aircraft, and the dependability of all 
methods can be determined and improved by more detailed comparisons 
of predicted and  flight results. 

AIM Paper 65-313 
The Status and Future of Flying Qualities Requlrementf, (1965) 
by Charles B. Westbrook 

The purpose of this paper is to give perspective to the subject of 
handling qualities criteria. This paper presents the status of 
handling qualities criteria as of July, 1965« History and evolution 
of requirements is traced and the various philosophies of require- 
ments and approaches to handling qualities are discussed. 
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History of the flying requirements Is traced froiü 1907» when U.S. 
Signal Corps Issued Signal Corps Specifications U86, through the 
latest MIL-F-8785. Pint set of Air Corps Requirements Specification 
C-l8l5 were issued in 19^3.    MI1-F-8785 was first published in 1951* 
as an improvement to Specification 1815B, published in 19^8. With 
minor r-«rrections MIL-F-8785 contains the current flying quality 
requirements for conventional aircraft. 

Several of the philosophies as to the proper handling qualities 
specifications are: 

o Some specifications are contractual instruments listing absolute 
requirements that must be guaranteed; others have had much design 
guidance included. 

o Requirements can be looked upon across the wbole spectrum from 
minimum to optimum. 

o Handling qualities specifications can be considered as either a 
flight test demonstration specification or as a design speclfi- 
atlon. 

o Quantitative requirements are generally desired by both manu- 
facturer and buyer. 

o Data requirement specifications have at times been used as a 
partial substitute for Inadequate specifications of handling 
qualities. 

o Difference between FAA requirements and Air Force-Navy require- 
ments is in philosophy, content and Implementation. 

The traditional approach towards handling qualities criteria has 
been to collect pilot opinion data on as many vehicles as possible. 
After obtaining the mass of opinion data either from current aircraft 
or from variable stability aircraft or ground simulators correlation 
of these data against various airframe parameters is then attempted, 
based on Judgement or intuition. 

The current trends that have import with respect to the present state 
of affairs sure: 

o Economic factors of system devalojinent. 

o Current practices of fixed price contracts and speeding up of 
design have a large impact on handling qualities criteria. 

o Aircraft have become much more complex and there has been great 
advance in flight control technology. 

o Better analysis procedures and simulation capability has squeezed 
much redundancy out of designs. 
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Some of the problem areas of the fly'ng qualities requirements are: 
lateral-directional dynamics, structural modes, stalling, spinning, 
and pilot induced oscillations. Thess problems have to be invest- 
igated much more in the future. 

The following conclusions are  made in this paper: 

(1) Aggressive action is needed to Improve the entire spectrum of 
handling qualities criteria. 

(2) The Air Force can and must find a way to quantify "pay off" 
functions related to handling qualities. 

(3) Some means must be found to achieve a closer interrelationship 
between the contractor and the Air Force with regard to 
criteria. 

{k}    Improved simulation must be provided. 

f. Princeton U. Report 727 
Lateral-Directional Flying Qualities for Power Approach (1966) 
by E. Seckel, G. E. Miller and W. B. Nixon 

A series of flight tests was conducted with the Princeton Variable 
Stability Navion (PVSN) aircraft in order to determine the importance 
of the lateral directional dynamic response parameters and the 
effect of inflight turbulence on precision carrier approaches. All 
tests were conducted with constant level of Dutch Roll frequency and 
spiral mode characteristics. The parameters varied were controled 
sensitivity, rolling time constant, dihedral effect, roll to aileron 
dynamic characteristics, Dutch Roll damping and turbulence effect. 
All longitudinal parameters were fixed at a constant nominal value. 
Three axis simulated turbulence moments on the PVSN were obtained by 
moving the moment controls, aileron, rudder and elevator in prop- 
ortion to the magnitude of the disturbance and appropriate aircraft 
derivative.  Side by side seating arrangement was used in the PVSN 
and the cockpit arrangement simulated the crew station layout of the 
F-hB  aircraft.  Sixteen test pilots were used in the study and the 
two year (196U/5) testing effort produced the following number of 
data runs: 

Summer of 196U 
Summer of 1965 

k6  flights 
20 flights 

771 runs 
1*05 runs 

The following conclusions are made from the results of the study: 

(l) Rolling Time Constant and Control Sensitivity 

Three classes of rolling mode time constants with specific 
levels of control sensitivity ( 6 ) and dihedral effect(L. ) 

a p 
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were chosen and It was found that a) Th^ dihedral effect did 
not appreciably alter the pilot opinion of the optimum control 
sensitivity or rate of change of control sensitivity, b) The 
optimum corresponds to a 2k  degree bank angle in one second per 
inch of stick input, c) The control ■power  does not influence 
the pilot so long as he does not hit the ctops but hir  awareness 
of the stops is a factor in his opinion, d) An optimum exists 
for the control sensitivity which is a compromise between too 
much sensitivity with possible PIO and too little sensitivity 
with uncomfortably large stick motions. 

(2) Rolling Tine Constant and Dihedral Effect 

The effect on pilot rating of varying the rolling time constant 
and the dihedral effect at near the optimum control sensitivity 
indicates that very low values of L are unsatisfactory because 
of the yawing (snaking) oscillations that occur during aircraft 
maneuver. Large values are undesirable because of the Increased 
turbulence response of the aircraft. The pilots are also more 
tolerant of variations in the dihedral effect when the roll 
time constant is small. 

(3) Dihedral Effect and Turbulence Disturbances Due to Dihedral 
Effect 

The data indicate that increasing the dihedral effect without 
increasing the associated turbulence results in only a slight 
increase in adverse rating. 

(U) yö   Zero Location 

Plots of K./K  , Cooper Ratings andu ,   show areas of 
acceptable pilot ratings. ^"ci 

(5) <}i/ö   Transfer Function Zero on Pole Configurations 

The data show that the pilot can readily control disturbances 
in roll and that he finds yaw control in turbulence difficult. 
This is attributed to a higher sensitivity to rolling motions 
and better coordination in the hands than in the legs for 
reaction to disturbance inputs. 

(6) Effect of Dutch Roll Damping 

Increasing Dutch Roll damping does signflcantly improve the 
handling qualities of the low dihedral effect configurations. 

(7) Turbulence 

Moderately rough day turbulence was simulated and pilot ratings 
indicate linear relationship to level of turbulence. 
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/IAA Paper No. 65-79^ 
Flying QuaJ.ities Requirements as Related to Control System 
Complexity (1963) by Charles H. Cromvell and William Koven 

By comparing two high performance fleet aircraft, this paper shows 
how unnecessarily tight flying qualities requirements cause signi- 
ficant increase in flight-control system complexity. Increase in 
complexity means an increase in number of individual components in 
the control system. Increasing number of pieces means increase in 
dollar coat, weight, volume, spare parts, and maintenance required. 

As relative examples of complexity, the longitudinal control systems 
of F-8 Crusader and RA-5C Vigilante were examined. These are two 
of the Nt-vy's highest performance aircraft. Both aircraft are quite 
similar aerodynamic ally. The longitudinal control system of F-8 is 
a purely mechanical and hydraulic system, without stability or 
control augmentation, and is what is called a simple system.  On 
the other hand, the longitudinal control system in the A-5 is very 
complex, with stability augmentation provided by shaped pitch rate 
gyro signals. 

Comparing the original flying qualities, specifications for both 
airplanes, looking at their basic airplane short period dynamics and 
their stick force per "g" characteristics then the complexity of the 
A-5 control system can be traced as a result of the specification 
requirements. At the time of F-8 procurement the MIL-FO8785 
longitudinal short period requirement was ; = 0.3U. But, to meet 
this requirements pitch damper was required,and since there was 
some question as to the validity of this requirement, the requirement 
was changed to read "satisfactory damping shall be provided". The 
force to pull limit "g" had to fall in range 21 to 56 pounds. From 
this loose constraint the very simple control system of the F-8 
evolved. For the A-5, although the Detail Specification required 
only that £= O.S1*, the designers chose to achieve the constant stick 
force per "g" and constant aircraft response to control inputs. To 
get this requirements redundancy had to be introduced and hence 
complexity becomes necessary in this system for failure protection. 

■ 

So, in order to maximize em aircraft's usefulness to the fleet it 
must have good flying qualities and a minimum of flight control 
system maintenance and spare requirements. Therefore, each new 
design should be subject to a trade off study to determine which 
areas of the flight envelopes are critical to the flying qualities of 
the bare airframe, whether this is a major operational portion of 
the envelope, and. what is the simplest system that can result in 
satisfactory flying qualities in that envelope. 

In conclusion Naval Air System Command desires an optimum aircraft. 
This does not necessarily mean optimum flying qualities but implies 
good flying qualities and simple, maintenance-free control system. 
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h.    Effects of Manual Altitude Control and Other Factors on Short 
Period Handling Quality Requirements   ^196?) by R. L.   Stapleford and 
I.   L.  Ashkenas 

In this paper several factors which affect short-period handling- 
quality requirements are reviewed with particular attention paid to 
manual control of pitch attitude and altitude.    The effects of the 
various  short-period parameters on the pilot's closures of these two 
loops are examined.     Correlation between analytical results and 
experimental data is made for two flight conditions - landing/ 
approach and cruise. 

Attitude control  is a basic requirement in almost all manual flight 
situations.    Pitch angle,6   , feedback to the elevator,6    , is often 
used by the pilot to stabilize an aircraft.    The short period 
approximate equation of motion    for constant airspeed is used in 
this report and the attitude-to-elevator transfer function  is given 
by: 1 

e       = A . (s + "r" ) 
~ »   a 

e2 . 
e S  (S2 + 2^0)       S +W    2) 

sp sp sp 

After examining the Bode amplitude asymptotes and root locus for 
four different combination of u  and I/TGO it was found that for 
good attitude control the pilot would prefer a high short period 
frequency and relatively high damping regardless of the value of 
1/TQ .  However, upper limits on acceptable values of short-period 
frequency are set by two other factors: 1.) High short-period 
frequency produced by a very lar^e value of -M  produces severe pitch 
response to a vertical gust. 2.) For high sho^t-period frequency a 
high control sensitivity, Mg , must be provided to obtain reasonable 
control forces per g. J?ut h? ^n sensitivity may still present serious 
problems in trimming the air^aft. 

For attitude control, they discuss using simultaneous pilot closure 
of attitude and altitude loops using two different control techniques: 
series or parallel closures. In the series closures, equalization 
in the attitude loop is also effective in the altitude loop; whereas, 
with parallel closures equalization in the two loops is independent. 
For the four cases of short-period dynamics (w /I-  ), treated, 
the following conclusions were reached: 2 

o Low 1/TQ  results in poor altitude bandwidth. 

o The series closures are beneficial for the low short-period 
frequency cases because the attitude lead is helpful in altitude 
loop. 

o The series closures are detrimental for ,he high frequency cases 
because the lag in attitude loop degrades the altitude loop. 

. 
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For the high short-period frequency cases, better altitude loop 
bandwidths are obtained if parallel closures are used. 

rveral other open and closed-loop factors which contribute to 
short period handling qualities are: 

o Increasing l/T^p increases the altitude and acceleration response 
to a vertical gusf.. 

o When  |za| is very large the aircraft can be maneuvered with 
very small angle-of-attac*' and  attitude changes; and the pilot 
cannot discern the desired pitch changes on a conventional arti- 
ficial horizcn. 

o A large \Za\    will make the acceleration response of the vehicle 
much too sensitive. 

0 For a very small \Za\    large attitude excursions are requirea to 
get reasonable altitude response. 

Experimental data were obtained for two conditions - landing approach 
and cruise. 

The following conclusions, for landing, were reached from analytical 
and experimental results: 

(1) Satisfactory pilot ratings cannot be achieved if the short- 
period frequency is below 1 rad/sec. 

(2) Satisfactory ratings can be achieved with 1/1Q as low as 0.5 
sec" , if the short-period frequency is in a narrow range and 
damping is good. 

(3) Increasing I'TQp raises the upper boundary of short-period 
frequency and improves the rating at the optimum short-period 
frequency. 

(k) Short-period frequercy, damping, l/Töp, and control gain must 
be considered. 

Primary requirement for cruise is that u  should be greater than 
1 rad/sec. 

AIAA Paper 68-21*5 
Airplane Flying Qualities Specification Revision (1968) 
by C. R. Chalk and R. K. Wilson 

This paper discusses the rationale for the changes which are proposed 
to MIL-F-8T85 and demonstrates how they are supported by experimental 
data.  The framework for stating the requirements as well as changes 
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to specific items such as longitudinal short period characteristics, 
stick force gradients, Dutch Roll and roll control parameters are 
discussed: 

(1) Requirement Framework Changes 

(a) Airplane Classification. The airplane classification has 
been expanded from three to four, and gross weight with 
limit load factor Identification has been added explicitly 
to each category. 

(b) Mission Phases. The requirements dealing with damping of 
the short period and lateral directional oscillation as it 
applies to "armed" and 'Warmed" requirements are now 
specified in terms of three categories (A, B, and C) which 
are based on mission phases and control task influence on 
the requirements. 

(c) Operational States. The operational state of the airplane 
of interest in specifying handling qualities, is a com- 
bination of position in the flight envelope and failure 
state of the systems influence handling qualities. The 
concept of handling qualities levels is generated to define 
a measure of probability associated with the airplane 
failure state. Three degrees or levels of probability have 
been introduced to the revised specification. 

(2) Requirement Specification Changes 

General reorganization of MIL-F-8785 has resulted In elimination 
of the sections on primary, secondary, power boost and 
mechanical controls requirements. Three new sections entitled: 
a) Characteristics of the Primary Flight Control System 
b) Characteristics of Secondary Control Systems c) Turbulence 
and Aeroelastic Effects, have been added which provide a more 
logical grouping of the material covered in the original 
specification. 

(a) Lateral Directional Flying Qualities 

(!_) Dutch Roll Root. The basic Dutch Roll requirement 
proposed in the new specification consists of minimum 
damping ratio boundaries for u^ < 2 rad/sec and 
minimum frequency boundaries for high ^ values with 
a transition from one boundery to the otner along 
lines of nearly constant t^ w^- 

(2,) Roll Sideslip Coupling. Limiting the degradation of 
handling qualities due to excitation of the Dutch 
Roll mode in the roll rate response to a step aileron 
input is now based on a ratio of Posc/^ave an<i a 

function of tne phase of the Dutch Roll oscillation 
in sideslip,*ß . 
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(,2.) Rolling CharactGristics. A need to specify limiting 
values of roll mode time constant is recognized but 
experimental data to date are still not conclusive 
as to the exact value which is presently assumed to 
be one second.  The roll control power as a measure 
of the aircr .ft maneuverability is now stated in terms 
of time to bank to specific bank angles depending on 
airplane class and mission phase. 

(b) Longitudinal Flying Qualities. 

(1) Static Stability. The revised specification prohibits 
a periodic divergence in airspeed for all levels of 
operation. 

{2)    Phugold Oscillation. Phugoid damping in terms of 
damping ratio and time to double amplitude will be 
added to the new spec. 

(2) Flight Path Stability. The landing approach phase 
is contralned to specific values of climb angle slope 
versus airspeed ( dy/dV). 

(h)    Short period Root. Short period frequency is expressed 
as a function of N /a   and limits have been estab- 
lished for short period damping. 

(^) Control Forces. Maneuvering and transient forces 
are constrained to help eliminate divergence and/or 
PIO conditions. 

J.  NATO (AGARD) Report 556 
Maneuverability and Gust Response Problems Associated with Low- 
Altitude. High-Speed Flight (1967) by Ralph C. A'Harrah 

This report is a state-of-the-art review of the technology applicable 
to airplane maneuverability and gust response characteristics in 
low-altitude, high speed flight. T^«» objectives of the review were: 

o To define any appreciable unbalances in the applicable technology 
levels between the Interested NATO nations, 

o To deteruine common problem areas requiring additional and 
immediate attention, 

o To determine technical areas which would appreciably benefit by a 
review performed by specialists in particular areas or by the 
AGARD Flight Mechanics Panel. 

The author obtained the background material for the report from a 
lirerature review and from a personal survey of various aerospace 
facilities throughout NATO. 
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The author states that the basic problem in lov-altitude, high- 
speed flight is ehe need to provide an acceptable balance betveen 
minimizing the gust response and still maintaining a desirable level 
of maneuvering response characteristics. The report Indicates that 
the following research and development areas should contribute sig- 
nifica-itly to the understanding of the low-altitude, high-speed 
flight problems: 

o Operational low-altitude, high-speed flight experience, 

o investigations conducted on dynamic flight simulators and with 
variable stability aircraft, 

o flexible wind tunnel model testing techniques, load alleviation 
and mode suppression programs, and Improved analytical techniques. 

The report states that the present state-of-the-art flight In the 
low-altitude, high-speed regime is on a level compatible with that 
of the other flight regimes. The Impact of low-altitude, high- 
speed flight has stimulated a number of research projects jn controls, 
displays, flying qualities, and gust disturbances. The proper 
Implementation of the results of these studies should be of apprec- 
iable benefit, not only in the low-altitude, high-speed flight regime 
but throughout tve flight envelope. The author recommends that the 
fundamental aircraft parameters related to vehicle responses be 
documented for past, present, and future aircraft. 

The report also makes a specific recoamendatlon to minimize the 
gust-induced acceleration environment at the pilot's station. To 
minimize this acceleration environment the report recommends that the 
longitudinal short-period Ti-equency be increased to a level which 
will place the rigid body node of pitch and altitude modes at the 
pilot's location. The report states that the results presented in 
the report are primarily applicable to relttlveiy small, high-load- 
factor aircraft; for larger, low-load-factor aircraft the structured 
dynamic aspects must also be considered. 

In discussing the range of acceptable short period frequencies. It is 
stated that a reference by W. Bihrle (USAF(FDL) TR 65-198, dated 
June 1966) suggests that pilots are quite sensitive to their initial 
impression of the aircraft response to a control input. The report 
then mentions the possibility that the differences between the 
Cornell "thumbprint" data and the author's handling quality results, 
presented In another report (NATO (AGARD) Report w3i April 1963, by 
R. C. A'Harrah), might be due to the test pilots' sensitivity to 
their initial impression of the aircraft response to a control input. 
The two test configurations ware at first considered to be equivalent, 
but a subsequent analysis indicated that the initial aircraft re- 
sponse to control inputs was not the same in the two cases. 
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k. ICAS Paper 68-17 
The Statistical Treatment of Pilot Opinions or. Flying Qvialltles 
(1968) by J. Gedeon 

The paper describes the statistical properties of a pilot rating 
poll of flying qualities. The purpose of the investigation of 
statistical properties was to improve the pilot opinion charts and 
to be better able to tackle some of the exaggerated ratings of 
individual pilots. 

In all, 532 questionaires were received and each questionaire con- 
tained 31 questions. A form of Cooper rating scale was used +0 
record the opinions of the pilots. Ratings were obtained for 35 
types of flying characteristics; however, only 5 of these were 
selected for statistical examination. The 5 types selected for 
statistical examination were the ones rated by the greatest number 
of pilots. The number of pilots who participated in rating each of 
the five main types varied from 38 to 70. The paper does not give 
the total number of pilots participating in the complete study, except 
that the number of pilots must have been at least 70. 

The paper concludes that when t .* number of pilots participating 
in the evaluation increases, th«? distribution of Cooper ratings 
usually approaches a "binomial-like" distribution. Some of the 
investigated distributions were dual (two different distributions 
superimposed) and some of the others were irregular; however, both 
of these are shown to belong to unacceptable or poor flying character- 
istics. 

A total of 175 distributions were investigated, 88.5^ of these closely 
approximated a binomial distribution, S.0% were dual distributions, 
and the remaining 3.5^ were irregular. The author states that 
possibly the dual distributions are obtain-jd when the investigated 
configuration contains undesirable elements which some pilots consider 
essential while others considei' them less important.  The author 
presents a number of examples to illustrate his statistical analysis; 
however, he does not present an overall description of the program. 
The pilots participating in thf1 investigation are described as 
sailplane pilots, but the nature of the flight test program and the 
questionaires used in the investigation are not described. 

One of the most useful results presented in the paper appears to 
be the expression for a confidence limit of the Cooper rating data. 
For the 90%  confidence limit the author derives to the following 
equation: 

e90 = ^  V (X-l) (10-X) , 
vT" 
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vhere: e  - magnitude of the 90$ confidence limit error expressed 
in Cooper rating scale 

J  - number of ratings used 

X  - mean value of the ratings 

The author's Interpretations of statistical data are based on results 
plotted in Welbull probability coordinates. The reference cited for 
the Weibull probability plots is an article b> J. N. BerettcxJ in 
the /.ugust 196^ issue of Industrial Quality Control. 

1. Princeton U. (A and MS) Report 777 
Comparative Evaluation of Longitudinal Handling Qualitiej in Carrier 
Approach (1966; by J. E. Eney 

The Princeton Variable Stability Jfavion (PVSN) aircraft as configured 
for simulated carrier landings was used in this study to investigate 
the handling qualities of Jet aircraft in power approach. Variable 
longitudinal feedbacks used in the modified Minneapolis-Honeywell 
(three axis) E-12 autopilot included a) angle of attack b) pitch 
rate and c) true airspeed which were combined to alter the Hj, MQ 
and M derivatives. Aircraft seating arrangement in PVSN included 
a safety pilot on left side and the test (subject) pilot on right 
side. No mechanical linkage existed between the test pilot's stick 
and aircraft elevator surface and the pseudo fly by wire system 
accommodated electrical gain variations to study the effect of stick 
to surface gearing (Mj) variations and stick force per "g" variations. 
All lateral directional parameters were preset to some desired level 
by each subject pilot. The test sequence consisted of a racetrack 
pattern which terminated with a simulated approach using 3-1/2 degree 
glide slope and a constant relative speed of 105 knots. The pilot 
maintained the source ligbc cluster (meatball) aligned between two 
horizour.al rows of datum lights which are so arranged to obtain the 
same accuracy as the Fresnei lens and mirror system onboard aircraft 
carriers. The test sequence followed in the study consisted of pilot 
evaluation (as per Cooper Rating Scale) of numerous configurations as 
generated by varying the electrical feedback gains to achieve 
alternate levels of damping and frequency. Principal test pilots 
used in the study were five (5) naval aviators each of which had 
some carrier experience. Telemetry data from the aircraft included 
pilot stick force input, stick position, pitch rate and angle of 
attack. The latter two signals were matched with a ground station 
simulation of the aircraft autopilot combination and due to the 
existence of a missmatch between sinmlation traces and telemetry 
traces, an adjustment in basic airframe parameters Hx , Za    and M6 
as used in the simulation was necessary. A canned turbulence 
capability aboard the PVSN was available but not used due to the 
inability to alter heave ( An ) and roll ( 0) directly since the 
aircraft did not have fast acting servo actuators aboard. Number of 
pilots and number of runs: 
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Pilot Number 1   2    3   U    5 
Number of Flights 112    3    3 
Number of Runs/Flights 21      il      21      21      il 
Totals 25 + 25 -f 50 -f 75 -H 75 « 250 Runs 

Program Results and Conclusions: 

(l) Good agreement exists between results of this study and CAL results 
for statically stable systems. 

v2) Statically unstable systems results indicate an M. value 
significantly higher than 0.06l and the addition of the 
total control power (M x Ö„AV.) as a critical parameter. 

(3) The pilots favored the same control sensitivity (M^ ) for the same 
undamped natural frequency (W . ). This was attributed to a desire 
on the part of the pilots for8a constant angle of attack "gain" 
regardless of sensitivity or frequency. 

W Stick force per g is not a critical item during landing. 

(5) A new criteria for PA in the form of (L /V )/W  versus C  is 
proposed for inclusion in the MIL-F-8785 revision. 

(6) Application of the C* criterion indicated that configurations 
satisfying the C* boundaries were indeed well rated. However, some 
that exceeded the boundaries were also well rated. The author 
questions the time history concept for application to landing flight 
conditions due to the envelope length extending over several seconds 
in time. 

m.  USAF (FDL) TDR-61|-70 
Aircraft Motion Analyais. (1965) by J. A. Thelander (DAC) 

Data and information are presented in this report for use in the 
analysis of aircraft motion. This report is a compilation and 
condensation of the coordinate systems, equations, and general 
information related to aircraft motion analysis. 

The purpose of this report was to provide equations and relations 
necessary to analyze the motions of aircraft in concise, consistent,, 
and readily available form. 

The basic kinematic and dynamic relations for particle and 
rigid body motion are included. Coordinate Systems and Equations 
of motion are defined for: 
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o Particle Notion 

Rectangular - Coordinate System 
Spherical - Coordinate System 

Rotating - Earth Spherical Coordinate 
Rotating - Earth Flight Path Coordinate 
Nonrotatlng - Earth Spherical Coordinate 
Nonrotatlng - Earth Plight Path Coordinate 

Cylindrical - Polar Coordnlate System. 

o Rigid - Body Motion (aircraft) 

Earth Axes 
Body Axes 
Principal Axes 
General Wind Axes 
Symmetric Wind Axes 
Wind-Tunnel Stability Axes 
Nonrolllng Axes 

Coordinate - System transformation equations are given for both 
particle and rigid body motion. Force and moment components are 
developed, and a compilation of conventional stability derivatives 
Is presented. Stability derivatives tables are presented for: 

o Dimensional derivatives - Body axes 
o Nondlmenslonal derivatives - Body axes 
o Nondlmenslonal derivatives - Stability axes 

The rigid-body equations of motion are simplified for special flight 
conditions (steady-straight flight, steady turns, steady pitching 
flight, steady rolling or spinning flight), and some solutions are 
given by using the following: 

o Analytical methods 
o Computer methods 
o Approximate solvtions 

Some material is presented pertaining to instrument reading fuel 
slosh. 
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APPENDIX II 

NORMALIZED LATERAL-DIRECTIONAL EQUATIONS 

Roll response characteristics were investigated using normalized equations of 
motion whose derivation and associated frequency response, time history, and 
root locus data are presented in this appendix. 

1. DERIVATION OF SIMPLIFIED EQUATIONS 

Small motion of the aircraft in the lateral-directional planes can be 
described with a set of three-degree-of-freedom differential equations 
of the type: 

p = Lpp + Lrr ♦ Lßß + L6a6a ♦ L6RfiR (Bl) 

;-Npp + Nrr + Nßß + N6afia+N6R6R (B2) 

ß = Ypp + Yrr ♦ y ♦ Y6a6a ♦ Y6R6R ♦ Y^/pdt ♦ Y^/rdt (B3) 

In developing a roll axis criterion, a "rudder free" condition as recom- 
mended in Reference 2 was assumed and the aileron input was limit to a 
Kj_ size step. As a result, 

6R = 0 (BU) 

60 = iq/X (B5) a   • 

Where X is the Laplace operator utilizing T-k  aircraft aerodynamic data, 
it can be shown that 

Y ■ -1.0 {B6) 
r 

Y = Y = Y. =0 (B7) 
p   i(»   öa 

Substituting Equations Bh through BT into Equation B3 gives, 

r = -(3 + Ygß + Y /pdt (B8) 

Substituting Equations BU throxigh B8 into Equations Bl and B2, and 
rearranging gives, 

» - V " L
r

Y/Pdt = (Lß + LrYß)ß " V + L6a6 a (B9) 

I - (Nr ♦ ra)| ♦ (Nß ♦ NrYß)B = (Yr Np)p - N^/pdt - N6a6a (BIO) 

PRECEDING PAGE BUNt 
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Available F-U aircraft data indicate that 

0 (Bll) 

(B12) 

(-Lr)/(Lß ♦ Lryß) 

(LrY^/Lp ^ 0 

Then defining. 

s-s 
X»*S+ V. 
öu   6a 

n = N + Y0 r   r   ß (B13) 

nß = Nß 
+ NrYß 

n ■ I - Y^ 
P   P   <l> 

- 

*   r 4» 

6a   oa 

and substituting into Equations B9 and BIO results in the following sim- 
plified dimensional equations, 

(X - lp)5 = Y + l6a6a (BlU) 

(X2 - NrX ♦ Nß)ß = -npi - n6a5a - n^ (B15) 

2. DERIVATION OF NOEMALIZED EQUATIONS 

Normalization of the above equations was based on a need for further 
simplification and restatement in terms of the roll and yaw axis handling 
quality parameters. The amplitude nonnalization factors selected con- 
sisted of a roll rate parameter (Pss^ and a sideslip parameter (0gg) 
obtained from the above equations by arbitrarily setting n. = 0. The 
resulting equations for these parameters are, 

pss - ]*y' i'f3 KI (BI6) ss     Vß   - VJI 
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1. n   In. 
PSS  1 nfl - lfln  

1 

P ß    ß p 
(BIT) 

Incorporating these definitions into Equations Blk  and B15 gives: 

(4- +l)(pE-) = (4*)(J*)(it) + ^T^^^l21-) (Bl8) -1      Pop      L,  Pee  ßffo     In /vPf!,c  K* ^ pss ßss 

nß   nß    ßSS   nß  »SS PSS  nß0SS Ki    nß ^SS PSS 

Which can be expressed in normalized forms, 

(T0X + 1) PN » X1 gN + (1 - X^ S 

2   2; 
(^2 + ^-X+1^ » X2 PN + (1 - X2) Sa * X3 ^ 

With the following definitions: 

(B20) 

(B21) 

% -p/pss 

h = ß/ßss 

! a = 6a/Ki 

♦N 
c ♦^ss 

To = l/-lp 

Co - (-nr)/(2^r 
°B) 

uo = ^r 
Xl = (-1ß0ss)/(1ppss) 

x2 ■ (-Vss)/( nßßss) 

(B22) 

X3 " (-VsS)/(nßßSS) 

A block diagram of the normalized equation is presented in Figure h2. 
As shown in the equations and in the block diagram, the normalized para- 
meters (X. , Xp and X.) couple the lateral and directional axes. Depend- 
ing on the algebraic sign of these parameters, the coupling can be either 
stabilizing or destabilizing. 
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The closed loop transfer function for normalised roll rate and sideslip 
angle can be expressed as, 

h ^^2-^r^^^-^)l (B23) 
Aa M 

^       (1 - XPJTQ X2 4 (1 . X1Xp)X * X?(l - Xi)  (B2U) 

i°)Xh + (SäoTa + J^)X3 + (To + fiftj 2 4 d . x1X2)X  - XiX, 
Wo2 w0 Uo«-' u0  ' J- *=' I* 

A«   T0 

3. ROLL RATE CHARACTERISTICS 

F-U  aircraft values for the coupling, nodal, and normalization parameters 
are given in Table XI for various combinations of Mach number/altitude 
flight conditions. The data show that the coupling parameter values fall 
into the following ranges, 

-0.2 < Xi <. +0.2 

0 £ X1X2 £ -0.12 (B25) 

0 £ X1X3 <_ -0.11 

with the products, generally very small, as is expected. Associating 
these value ranges vlth the normalized roll rate equation Indicates an 
obvious predominance of the roll axis time constant T0 In the coupled 
equations. Depending on stipulated assumption, the effective roll rate 
transfer function can be expressed In one of several ways: 

o Single Degree of Freedom 

Wltb the assumption that X^O, the coupled roll rate is reduced to a 
single-degree-of-freedom and expressed as, 

o Three Degree of Freedom (No Spiral) 

To eliminate the spiral mode, the third coupling parameter assumes a 
zero value (X3=0), \*nlch gives: 
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TABLE ZI 
F-4 AIRCRAFT LATERAL-DIRECTIONAL DATA 

Flight Condition 
Normalization 

Parameters 
Modal Parameters Coupling Parameters 

Mach Altitude PSS ßss To To wo *1 X1X2 XJU 

0.5 5,000 "nrT 0.1098 0.5593 0.1039 2.227 -0.2057 -0.1052 -0.0313 

0.84 SL 6.314 -0.0150 0.3249 0.1216 3.980 0.0236 -0.0540 -0.0140 

0.85 5,000 6.542 -0.0095 0.3584 0.1140 3.704 0.0138 -0.0591 -0.0137 

0.85 25,000 6.748 0.0497 0.6363 0.0810 2.538 -0.0828 -0.0972 -0.0183 

0.9 15,000 6.858 0.0026 0.4469 0.0964 3.283 -0.0040 -0.0685 -0.0141 

0.9 35,000 6.636 0.0820 0.8584 0.0660 2.245 -0.1637 -0.1151 -0.0199 

1.2 5,000 3.736 -0.0377 0.3628 0.0457 5.811 0.1240 -0.0135 -O.OC09 

1.2 15,000 5.400 -0.0293 0.4397 0.1027 4.971 0.0624 -0.0239 -0.0084 

1.2 35,000 7.222 0.0048 0.7353 0.0700 3.359 -0.0068 -0.0416 -0.0082 

1.2 45,000 7.469 0.0433 1.0852 0.0550 2.698 -0.0678 -0.0578 -0.0093 

1.5 15,000 3.<61 -0.0246 0.4427 0.1204 5.289 0.1078 -0.0080 -0.0099 

1.5 25,000 4.620 -0.0073 0.5442 0.0968 4.549 0.0182 -0.0440 -0.0073 

1.5 35,000 5.479 -0.0069 0.7092 0.0807 3.661 00121 -0.0191 -0.0071 

1.5 45,000 6.167 0.0134 0.9974 0.0601 3.102 -0.0201 -0.0189 -0.0056 

1.8 55,000 6.733 0.0276 1.5947 0.0467 2.458 -0.0379 -0.0048 -0.1103 

2.1 36,000 4.0:9 -0.0285 0.7332 0.0751 3.565 0.0376 -0.0007 -0.0801 

2.1 45,000 4.888 -0.0158 0.9647 0.0588 2.971 0.0160 -0.0015 -0.0702 
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^ "   5** + ^'^ + (T° + ^)X2 + (1 " V2) 

With this combination, the Dutch Roll term in the roll response expres- 
sion is preserved but the long tena effect of the spiral mode is removed. 
Even when Xo is included (not set to zero), its effect in the roll axis 
is barely discemable from short period response data. 

Due to roll axis normalization, the "type 0" transfer functions given in 
these equations have a "steady state" gain of unity. Consequently, the 
normalization parameter Pgg becomes the dimensional gain relating steady 
roll rate to aileron step command input. The values of Pgg for various 
flight conditions, as well as the corresponding Dutch Roll frequency, 
damping, .ind roll time constant resulting from solution of the character- 
istic equation, are also shown in Table XT. H series of constant fre- 
quency lines can be drawn by interpreting between the undamped natural 
frequency values given in the table and plotting them versus Mach number 
and altitude. 

For the F-U aircraft these daLa are presented in Figure h3  and the X^ 
coupling parameter relationship to the undamped natural frequency is 
shown in Figure hk. 

k.    SIDESLIP CHARACTERISTICS 

The unmodified sideslip transfer function given in Equation B2h    expresses 
the directional response to aileron inputs in terms of coupled dynamic 
motions. The sideslip transfer function is characteristicly a second 
order over a fourth order which includes the roll rate dynamics and 
spiral effects. Similar to the roll axis modifications, the directional 
response can be expressed in several modified ways: 

o Two Degrees of Freedom 

Removal of roll axis coupling can be achieved by defining Xg = X3 = 0. 
Substituting into equation B2U, gives: 

h 
AD    1 ,0 . 2 X2 + Z^x + 1 

(B28) 

«*»oc     "o 

which has a unity "gain" for a normalized step input. The equivalent 
steady state value for dimensional sideslip is equal to 8gg, the data 
for which, is given in Table XI. Variation of ßgg with dynamic pres- 
sure is shown in Figure it5. 
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o Three Degree of Freedom (Spiral Pole Located at Origin) 

Contrary to the "Type 0" systac representation for roll rate, the 
normalized sideslip equation with the spiral pole location at the 
origin results in a "type 1" system which integrates the aileron 
command Input during steady state operation. Equation B2h can be re- 
written with Xi « 0, to represent this condition, 

J[.  , [I  - X?)T Xg ^ x ^ X^ (B29) 

The dimensional (unnormal!zed) Integration gain Implicit in Equation 
B29, can be sxpressed as, 

Kß s x3ßss (B30) 

where ßgs is the normalization parameter defined above. Computing the 
integration gain from the values in Table XI and plotting it versus 
velocity depicts a decreasing magnitude relationship as seen in 
Figure ^6 . From these two figures, it is evident that the sideslip 
magnitude decreases as airspeed Increases. 

5. FREQUENCY RESPONSE ANP ROOT L0CÜ3 PLOTS 

Frequency response and root locus plots for the above transfer functions 
equations are well known and can be easily constructed using the data 
given in Table XI. They are not repeated here, to avoid unnecessary re- 
dundancy. In addition, the aerodynamic parameters implicit in the above 
equations have been extensively investigated as to how they influence 
the dynamic characteristics and transient response properties reflected 
in the above equations. Several good reports in current literature, 
which describe analysis results of aircraft lateral-directional dynamics, 
are given as References 9 and 10 for further information. 
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APPEBDIX III 

TRACKING EQUATIONS 

The investigation of three axis flight path control requirements aa related 
to the gunnery and bombing aiming task   involves derivation of trekking 
loop equations and identification of parameter sensitivity on overall per- 
formance.    In concert with this approach, a mathematical, definition of the 
elevation and lateral tracking errors between the attacking aircraft's gun- 
line and its line of sight to the target is presented.    Linearized block 
diagrams of the elevation and lateral fire control modes for tracking both 
aerial and stationary ground targets are developed.    These block diagrams 
illustrate the relationships among the airframe dynamics, augmentation 
systems, lead computation, pilot configuration, and the geometry dynamics of 
the visual tracking error of the target with respect to the gunline. 

1.    DERIV/.TION OF THE TRACKING ERRORS BETWEEN THE LINE OF SIGHT VECTOR AND 
THE GUNLINE 

The elevation and lateral tracking errors between the attacking aircraft's 
gunline and its line of sight to the target are developed.    These 
tracking errors are derived in terms of the attacking aircraft's 
velocity, angle of attack,  sideslip and body rates, the tracking range, 
and the target's velocity components defined in earth coordinates. 

The angular velocity of the line of sight vector relative to the attacking 
aircraft's gunline is the „difference between   ßjj » *^e angular velocity 
of the line of sight, and ß«  , the angular velocity of the gunline. 

fi L/G = fi L - ß G (Cl) 

With reference to Figure 1+3, ß L/G is defined in terms of e_ and 0 
the elevation and lateral tracking error rates of the line or sight  ' 
vector with respect to  the gunline, as 

L/G = (wyp -6LTsineET)lr+eET e +ÖLT
COS

 ET^d        (C2) 

The unit vectors (l ,1 , lfl •) define the line of sight coordinate system. 

The elevation and lateral tracking rates of the line of sight with respect 
to the gunline are expressed in terms of the line of sight components 
of n L and sfg as: 

SET = " Le -" Ge (C3) 

*LT = flLd      -"   Gd>/C08 eET iCk) 

The e and d components of GQ are the attacking aircraft's body rates, 
resolved into the line of sight coordinate system through the gun angle 
orientation with respect to the body axis, and the tracking error 
orientation of the line of sight with respect to the gunline (Figures kf 
and 1*8). 
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FIGURE 47 
LINE Of SIGHT ERROR RATES WITH RESPECT TO GUNLINE COORDINATES 
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FIGURE 48 
AIRCRAFT'S BODY RATES WITH RESPECT TO THE GUNLINE COORDINATES 

(xGL. YGL, zGL) AND THE BODY AXIS (x, y, i)COORDINATES 
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HWIIII l»ll 

n 
Or 

Ge 

Gd 

co8eLTCOseET sineLTC088ET -8ineET COSYE 0 -EinYE P 
-8ineLT C08eLT 

0 0   1 0 q 

co8eLT8in9ET SineLT8ln0ET ZOBB^ _ 8inYE 0 COSYE _ r 

(C5) 

The e and d components of the line of sight's angular velocity, % » 
are defined in terms of the relative range and the relative velocity- 
vector's e and d components between the target and attacking aircraft as 

Q Le 

Ld 

" -Vrd/R 

V /R 
re 

(C6) 

(C7) 

The relative velocity's e and d components are derived as follows. 
The target velocity components assumed to be defined in earth coordinates 
are transformed to body axis components by the Euler angle transformation 
(Figure  1*9). 

Ty 

Tz 

cos f cos 9 

cos V sin 0sin0 

-sin Vcos 0 

cos ¥ cos 0sin6 
.+ sin Ysin 0 

sin V cos 0 

sin y sin 0sine 

+ cosV cos 0 

cos   0 8in4' sine 
- cosf sin 0 

-sin 9 

sin 0cos9 

cos 0cos9 

TX 

TY 

TZ 

(C8) 

The attacking aircraft's velocity vector, which is oriented along the 
V axis of the wind axis  (Figure 50) is transformed to body axis com- 
ponents by the wind angle transformation. 

rvAxi "V cos ocos 3- 

V - V cos asin 3 

KJ V sin a 
(C9) 

The relative velocity is defined in the body axis coordinate^ as 

rx 

ry 

V L   rz j 

Vm    - V cosacos8 Tx 
V_    - V coaasing 

L VTz - V sina 
(CIO) 
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FIGURE 50 
WIND AXIS COORDINATES {V. T?. L) WITH RESPECT TO THE BODY 
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The body axis relative velocity components are resolved into the line 
of sight coordinate system through the gun angxe orientation relative 
to the body axis,  and the tracking error orientation of the line of sight 
with respect to the gunline. 

The relative velocity components in the line of sight coordinates are: 

rr 

re 

rd 

coseLTCOseET 

-sineLT 

coseLTEineET 

sin6LTCos6ET '-sineET 

cos9LT      0 

sineLTSineET C0SeET 

cosvE 0 -■Iny« 

sinYE 0 COSYE 

rx 

ry 

(Cll) 

Substituting nr    and ^n^»  defined by Equation C5 and fiT and 0-. 
defined by Equations C6, C7, and Cll into Equations C3 and Ch  the ' 
tracking rates of the line of sight with respect to the gunline are: 

S "C LT 
sinö _sece 

ET 

[-ETJ L-C0SeLTsineET 

coseLTsec6ET      0 

-sine^sine^ -cose^ 

COSY,,  0 -siny- 
0 E  1   0 E 

sinYg  0 fosYE 

4 

;os *cose sintcosö -sine 

cos4'sin0sine sin^s^sine sin0cos6 
-sin4'cos0    +cos4'cos0 

cos4'cos0sine cos03in4'sine cos0cose 
-fsin'<isin0   -cos4'sin0 

v 
TX 

Vcos a sin 0  | 

v 
TY 

.. 
Vcos a sin S 

V 
1 VTZ 

Vsin a 

L  J _ ml 

coseLTtaneET 
sinO^tane^ 

-sin6 
LT 

cose 
LT 

cosYj.   0  -sinYE 

0 

sinY E 

1    0 

0   COSY E 

P 

q 

p 
L J 

(C12) 

The elevation and lateral tracking errors between the line of sight 
vector and the attacking aircraft's g^-.llne are determined by integrating 
0Er andeEr 

'ET o' 
e^ dt ^e^CtJ 

^- =/t0 'Qf~dt ♦«-^ 

eET " ft^ 
.t 

7LT -Jto  ^LT"" TOLT(uo) 

(C13) 
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LINEARIZED BLOCK DIAGRAMS OF GUNNERY ELEVATION AND LATERAL TRACKING 
MODES FOh AERIAL AND GROUND TARGETS 

Linearized block diagrams of the elevation and lateral fire control 
modes for tracking both aerial and stationary ground targets are described. 
Figure 51 functionally illustrates the relationships among the airframe 
dynamics, augmentation systems, lead computation, pilot configuration 
sind the geometry of the visual tracking errors of the target with respect 
to the gunline. In this appendix the linear functional relationships 
of the angular orientation of the line of sight with respect to the gun- 
line to the airframe's angular dynamics are derived. 

For these derivations it is assumed that the attacking aircraft is in 
a steady state one g flight with wings level, and the deviations of the 
aircraft's angular dynarrics from its equilibrium state are small. The 
aircraft has a flight path orientation in the plane of symmetry and its 
arbitrary initial heading angle is zero. For aerial target? the target's 
velocity is assumed to be approximately colinear with the attacker's 
velocity, and for ground targets the target velocity is zero. 
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FIGURE 51 
FIRE CONTROL MODE 
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Under the assumptions that the elevation and lateral tracking errors 
of the line of sight with respect to the target, the angle of attack, 
sideslip, roll and heading attitudes are small, then the trigometric 
functions of these small angles can be linearized. Consequently, the 
elevation and lateral tracking error rates of the target with respect to 
the gunline, as described by Equation C12 are rewritten as: 

e^ = -I/R{COSYE [(VTX ♦ V^cosO - v^sine- v] 

"^^EpTZgCOse + (VTX + V^-Osine - Va -(V^-V^WJ | 6^ 

-1/R|COSYE[(VTX + V^sinS + VTZ cosö - Va -   (VTY - V^f^J 

+sinYE[(VTX + VTy4')cose - VTZsine - VJ | 

+eLTcosYE p-q - e^sinYgr (C15) 

eLT = -i/R |COSYE[(VTX + vTYy)cose - vTZsine - vj 

-sinYE[vTZcose * (vTX ♦ vTY* )sine - v.Jje^ 

+1/R{rVTXCOSe +    (VTX + W^1110] 0 

+(V-V)0eLT + vTY-vTXy-V0} ' (ci6) 

-(pcosYE - r sinYE)eET - (r COSYE +p sinYj.) 

Assuming that Equations C15 and Cl6 represent the equilibrium elevation 
and lateral tracking rates of the line of sight with respect to the gun- 
line, and that the coupling between the angular dynamics of the elevation 
and lateral channels is negligible, the first order deviations of these 
tracking rates are: 

• . • ■ 

^ET   Aq       (C17) ^W  = 3e2T 
AeET + aöET AO + 

30 
ET Aa + 

3eET 
3D 
ET 

3a 

^ + ;:LT 

•         • 

..  + "LT A* + 30LT 
AWLT   »f        30 

• 

A0 + 3eLT 
36 

i 
q 

3eT„ ,   36, 

3       3r 
P 

(ci8) 

For the elevation tracking rate the following assumptions are made ubout 
the second order effecvs of the angular deviations: 

e » q (C19) 

e^Aa = 0 (C20) 
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9^ AO = 0 (C21) 

(VTY " VTXy)0 = 0 (C22) 

For the lateral tracking rate the following assumptions are made about 
the second order effects of the angular deviations: 

? = R/ccs9 (C23) 

9^ = o leak) 

("V + VTY)0  •iff^ = 0 (C25) 

At$ =  0 (026) 

Expanding Equations C17 and Cl8 under the assumptions defined by 
Equations Ci9 through C26 the perturbations of the elevation and lateral 
tracking rates of the line of sight with respect to the gunline become: 

9^ = -1/R |rosYE ["(V^ + VTYV )cose - VTYsine - v] 

-sinYE [vTXcos9+ (VTX ♦ ^  UinO -  VcJ ^9^ 

-I/R|COSYE r(vTX + vTYy) cose - vT2.sineJ-sinYE I(VTX + ?Trf)tia6 

+ VT,-coso|iAe  +  (V/fi)cosYE    Aa - Ad (C27) 

-1/R JCOSYE pv^ + vTY)cose - vTySine - vl 

-sinYE [VyjjCOie +  (VTX + VTYf)  tloe - Val l.^eLT -  (V/a)Afl    -  sinYE Ap 

+i/RrVT7cos-  ♦  (VTX + VTYy)sin JAgl    - [(cosYg) (^r) + fv^trfa] 

AeLT 

(C28) 

Since the velocity vectors of the target and attacking aircraft 
are approximately eolinear,  then range rate is defined as: 

R = VT - V (C29) 

Referring to Figure 52 range rate of target aircraft  along the gunline is: 

R = COR>E r(VTX + VTYV)cose  -  VTZsin.; -  vj -sinYE ["v^cosö 

+(VTX+VTyf)sinu -Va] (C30) 

and the target velocity's earth - axis component  is 

VTX =   (V +  R)cos9  COSYE (C31) 
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Since the target velocity normal to the gunline Is small, then 

Tv^cose + (V^ ♦ V^sinel  A0/R » 0     (C32) 

Substituting the expressions defined by Equations C29 through C30 in 
Equations C27 through C28 and applying Laplace transforms theory, the 
Laplace transform of the visual elevation and lateral tracking rates of 
the target with respect to the gunline are: 

AS  (\) = - X» (VcosYE ■>• fe)/R A9(X) *  VcosYE/R La{\) /r--x 

MrvM  ■      V/R  A6(X) -SiPYE AT>(X) - (coBYTr)X •>- (V+R)/R Ar(X) 
LT XTT/R X^TR E

 x {X+ä/RV 
(C3U) 

The sign convention of the tracking errors between the line of sight of 
the target with respect to the gunline and the lead angle with respect 
to the gunline are illustrated by Figure 53. The tracking errors are 
defined as: 

6E-&6ET+9ETL (C35) 

eL 3&eLT +eLTL (C36) 

For the disturbed reticle lead computing optical sight system that is 
mechanized in the F-UE the elevation and lateral lead angle components 
are dynamically related to the aircraft's gunline rates and normal 
acceleration at the sight gyro location by: 

(C37) 
6, 00      TN      fASU) .005n (x)| 

1 +(l+(r)TMX    L 
Z  J 

a 
ErL   TTTTT^x 

eTTT(x) =    
TN      FCOSY^ Ar(X)+8inY1!.Ap(X)l (C38) 

LTL     1 +(l+<r)TNX    L   
E E   J 

where T is the sight sensitivity and o is a stability constant. 
Incorporating the geometry and lead angle dynamics into Figure U7 the 
resulting linearized block diagrams of the elevation and lateral aerial 
fire control modes are illustrated by Figures 5^ and 55. The specifi- 
cation of the aircraft's dynamics and of the pilot model depends on the 
aircraft to be studied. 

For an aircraft tracking stationary ground targets the range rate 
defined by Equation C30 becomes: 

ft »-V (C39) 
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FIGURE 55 
LATERAL DIRECTIONAL CHANNEL FOR TRACKING AERIAL TARGETS 
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Substituting the range rate expression into the tracking rate equations 
described by Equations C33 through 03^, the visual elevation and lateral 
tracking rates of a stationary ground target with respect to the gunline 
become: 

Ae ET 
(A)  m . -Vd-cosY^/R   Ae(X)^C0SV/R    Mfa) 

X - V/R S - V/R      * 

AeLT(A) 
A-V/R 

-r ü(ä)- sä AP(X)- sa^A) 
l/l A-V/R A-V/F 

Cci*o) 

(ein) 

The block diagrams for tracking ground targets are Illustrated in 
Figures 3k and 55. 

If the roll and yav rate airframe transfer functions are defined In a 
stability axis coordinate system, an appropriate transformation must be 
made in order to define the roll and yav rates in the body axis 
coordinates.    The block diagrams in Figures 56 and 57 assume that the 
roll and yav rates are defined in the body axis coordinate system. 
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APPENDIX IV 

HYBRID SIMULATION SOFTWARE 

The equations-of-motion and pliyslcal data used to simulate the aircraft are 
described in this appendix. 

The airframe mechanized for the simulation was a twin engine, 38,732 lbs, 
high performance fighter aircraft. The entire flight envelope was utilized 
during the simulation program. The altitude ranged from sea level to 60,000 
feet. The physical data used are shown in Table XII. 

A set of nonlinear large perturbation six degree of freedom differential 
equations of motion was used to uascribe the airframe. The three force 
equations (u, v, w) were derived based upon the wind axis system while the 
moment equations (p, q, f) were based upon a body (waterline aligned) axis 
system. Additional equations were needed to describe the atmospheric pro- 
perties, body acceleration, Euier body rates and geographic frame velocity 
equations. A direction cosine matrix was usec. to calculate geographic frame 
velocities in terms of wind axis velocities. Ths entire set of equations 
mechanized to describe the simulated aircraft is presented as follows: 

o Six Degree-of-Freedom Differential Equations 

u = vr - wq - g sin 9 - qs CL + .9958 T 
m m 

v » wp - ur + g sin ♦ cos 6 + ^l 27 ^pP + CYrr^ + cy0ß + Cy6a6a + 

e'*mtm * V"] 
as T w = uq - vp + g cos ♦ cos 6 - ■*- CT   -  .0915 — m   L m 

P " (IXIZ I Igfl      ^^x - Iz)pq - dz2 + ixz2 - iyiz)v 

+ iSb Iz ^|v(Cipp + Clrr) ♦ Ci60 + Cl6a5a + C^    6Sp + cl6^ 

* iSb IX [l^CnpP ♦ Cnrr) ♦ C„0ß ♦ Cn6a6a f Cn&^6s? ♦ Cn6R6Rj j 

[^ + |^<C    a + C    q)+C      6S1 
L M      2V    "»c mq        m6S    J 

f-   [".9958 (—^ - 2.7) +  .0915 (*****■ c - l*.36l)j 

•         IZ " ^X ,  icZ/   2        2^  ^ j Sg q = pr + -—(r    - p ) + *=— 
Y Y Y 
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TABLES! 
AIRCRAFT PHYSICAL DATA 

Variable 
Symbol Variable Name Value Units 

W Gross Weight 38,732 Lb 

'x Moment of Inertia around X Axis 24,873 Slug-ft2 

'y 
Moment of Inertia around Y Axis 152,495 Slug-ft2 

", Moment of Inertia around Z Axis 169,824 Slug-ft2 

'xz Cross Product Moment of Inertia 
around X-Z Axis 

4,820 Slug-ft2 

S Wing Area S30 Ft2 

b Wing Span 38.408 Ft 

c" Mean Aerodynamic Chord Length 16.042 Ft 

eg Center of Gravity 28.3%T Ft 
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Ii7       7. Z  L 

+ CnÄ_ «SP 
+ Cn6p

6R '116 SP 

1/2 
V « (u2 + v2 + w2) 

a = tstn {—) 

$  = sin'1 (^) 

o Atmospheric Properties Equations 

M       V   , s   h < 36000 ft k " 1117.1 - .00Ul277öh 

V h > 36000 ft 
M = 968.5 

p . 2(.03UU75 ♦ .019213 x 10-10 h2 . .050381 x 10-5 h)2 h < 36000 ft 

p = 2(.039708 + .039227 x lO^ ^ - .072121 x 10-5 h)
2 h > 36000 ft 

4 = Vzpv 

VCAL= 12.127 PV 

VCAL = 60M " 36 + VCAL 

M < 0.6 

M > 0.6 

0    Acceleration Equations 

ax     = -sine    - ^ Ci) +  .9958 Jj 
mg -- »i 

aZcg = -cos ♦ cos 6 + g CL +  .0915 Jj 

axcc - ^ + --  - ^ U^ r2) 

+ 20^. (.  + p(l)  . IJ^ (p - rq) 
6 s 

12.033 /• 

"•eg 

aYcc        ^cg g g 

aZcc = aZcg + g 
(q - pr) 
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16.3 

g 

12.033 /. 

av = ay  +    (r + pq)co8(oi +.OlU)+(p - rq)8in(a +.01U) 
P    c6   6 

azP= azcg+ "T^(4'pr) 

NT_ = az + coa <|i cos 6 
LF   zp     Y 

o Euler Body Rate Equations 

1I1 = (q sin (|) + r cos (j))/cos6 

0 = q cos (ji - r sin $ 

(J) = p + ij» sin 8 

o Geographic Frame Velocity Equations 

cosecosij) cosösinil) .%. -Sin9 -TrU 

sin({isin8cosi|; -coscpsini);    ein^sinesintlH-cos^cosi)»      sin^cosO 

-   h J     L cos^sinecos^, +Sin^sin^    cos^sinesinip-sin+cos^      cos^cosS-J l-wJ 
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APPENDIX V 

HYBRID COMPUTER DATA OUTPUT 

Pilot performarce was evaluated with three independent data sources consist- 
ing of digital  printouts, analog strip charts and audio tape recordings. The 
digital data were obtained only during the scoring intervals whereas the 
analog strip chart data were plotted oontlnuously throughout each test run. 
This Appendix presents examples of digital printouts and analog strip chart 
plots and Appendix VII documents pilot comments associated with each test 
configuration. 

1. DIGITAL PRIMTOUT DATA 

The histograms and cumulative distribution plots were generated in dVxtal 
form with pilot effort indexes and figure-of-merit values printed on the 
same page. For the first scored mission phase, the LAHS, the digital 
printout in Figure 56 shows two parameters and in the remaining four 
scored phases, four mission parameters are presented in the sample output, 
Figures 59  through 62. The type of mission flown, mission phase, con- 
figuration, and pilot number are also identified on each page. 

The ordlnate of the histogram and of the cumulative distribution plots 
represents the value of the function in percent scale and the abscissa 
shows the number of bins ranging from 1 through 21 with the corresponding 
dimensional limits on top of the page.  In a few cases the accumulated 
histogram values reached the maximum printout limit of kO  percent. When 
this happens, the apparent printout maximum dees not reflect the true 
value of the histogram parameter which must be computed by subtracting the 
difference in cumulative distribution across the bin in question. For 
example, bin number 10 on the right side of Figure 58 reaches the limit 
(ho  percent) on the Ordinate scale. The plot shows that the cumulative 
distribution function across this bin increases from 17.5 to 60 percent, 
therefore the actual histogram value for bin 10 is U2.5 percent. See 
Section VI for scoring information. 

2. STRIP CHART RECORDS 

Eight channels of continuous time histories were plotted on each of three 
Brush recorders. In addition, two recorders were wired to accept discrete 
0N-0FF signals. 

A sample set of strip chart records, showing the time histories for the 
five scoring intervals of one simulation run, ia  presented in Figures 
63 through 65.  The sample strip chart plots shown correspond to the 
sample digital printouts described above. 

Standard recording techniques were employed with one continuous signal 
plotted on each channel, except in the case of longitudinal and lateral 
pilot effort parameters where two parameters are plotted on the same 
channel. The sign of these two parameters is always positive since they 
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are the rates of change of the corresponding pilot effort indexes 
tabulated on the digital print-plots. Both effort parameters are plotted 
on the same recorder channel hy utilizing a multiplexing technique which 
time shares the channel voltage generated by the digital computer. Every 
0.1 seconds the voltage corresponding to the longitudinal effort para- 
meter is recorded on the top half of the recorded channel and the voltage 
corresponding to the lateral effort parameter is recorded on the bottom. 
The multiplexed signal is recorded in all mission phases except the air- 
to-air combat phase. In air-to-air combat phase this channel is utilized 
in a conventioneil way, recording only the longitudinal effort parameter. 
A sample strip chart record is shown in the fourth channel of Figure 63. 
In LAHS phase, two added parameters are recorded which are not used in 
other phases. They are the pitch error needle and the roll error needle 
signals. In air-to-air phase several additional digital-to-analog 
transformation channels (Adage) were needed to transmit the voltages 
required to drive the target airplane display. Because of this, the 
number of signals recorded in the air-to-air phase is reduced by six as 
shown in the sample stiip chart plots. Figures 63 through 65. However, 
the remaining IT channels of continuous plots in the air-to-air combat 
phase, together with all the discrete channels, still comprise a satis- 
factory time history record of all pertinent activity in air-to-air 
combat. 
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APPENDIX VI 

WRITTEN INSTRUCTIONS PREPARED FOR SIMULATION PILOTS 

This Appendix presents the written instructions given to the pilots 
in preparation for the simulation study. The instructions describe the 
SFCS work effort, purpose of the simulation, and the simulation procedure. 
In addition the pilots were given a mission profile plan and a table 
identifying the Cooper-Harper rating values as shown in Table VI of 
this report. The pilots also received a questionaire for use in providing 
comments after each run as shown in Figure 27. 

1. GENERAL 

The purpose of this simulation program is to obtain information on the 
short period handling quality characteristics of a variable stability 
and response F-^ aircraft and Survivable Flight Control System (SFCS) 
combination, and to apply the solicited pilot comments and ratings toward 
the establishment of three axes candidate performance criteria expressed 
in the time domain. Outlined below are the main features of the simu- 
lation program, the planned simulation procedure, and the type of in- 
formation which will be requested from the simulation pilots. 

2. LONMTUDINAL C» CRITERIA 

The longitudinal C# criteria expresses, in time domain form, the 
acceptable levels or charactc-ristics desired in short period transient 
responses to step command inputs.  Since the criteria are normalized to 
unity "steady state" value, it is independent of airframe or flight 
control system "gain"» and only a function of short period dynamics. For 
a step of stabilator command input, the C* response is only dependent 
on flight path time constant, short period damping and frequency, and is 
independent of stabilator effectiveness. For a fly-by-wire flight 
control system with a step of stick force input, the criterion does not 
reflect the fly-by-wire "gain" but only the dynamics of the airframe 
as modified by the fly-by-wire flight control system. 

The C* equation is specified as: 

C* = An 
Z 
+K1* 

P 

and represents a functional combination inxo one mathematical equation 
of what are believed to be the high and low speed longitudinal motion 
cues sensed by the pilot during aircraft 'aaneuvering flight. The cross 
over gain (IC.) combines pitch rate (low speed cue) with normal accel- 
eration (high speed cue) into a dimensionally consistent equation for 
use in evaluating new designs against a given envelope of acceptability. 
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One third of all simulation runs to be tested "by pilots will include 
pre-determined variation in C* response characteristics and evaluation 
of their effect on pitch axis handling qualities for various pilot tasks. 

The main purpose of this part of the simulation effort is to evaluate 
designs which satisfy the C* criterion and to determine if they are 
compatible with the mission modes of the F-k  aircraft. In addition, the 
effect of higher order dynamics and nonlinearities will be tested to 
determine to what degree they affect application of the C* criterion. 
Pilot comments and information are desired to determine if control laws 
should be based upon mission modes or tasks rather than the traditional 
short period handling qualities as provided by standard control systems. 

LATERAL-DIRECTIONAL 

Simulation and testing will be conducted to determine if the desired 
short period lateral-directional handling qualities can be described 
using new criteria. 

a. Lateral 

Specification data from MIL-F-8785B have been used to generate 
preliminary roll rate and roll acceleration tin« history criteria 
which reflect the desired transient characteristics in the roll 
axis for aileron command inputs. Pilot evaluation of selected con- 
figurations is desired in order to integrate desired roll axis 
handling qualities and establish more exact boundaries for the 
contemplated criteria. 

b. Directional 

Analytic studies performed to date have established two preliminary 
criteria for pilot evaluation and comment of adequacy in representing 
desired directional short period handling qualities. 

The first of these shows the estimated amount of sideslip allowable 
during constant rolling maneuvers with aileron inputs and medium 
roll-to-sideslip ratios. MIL-F-8785B published data have been used to 
establish the preliminary time history boundaries of acceptable 
sideslip due to aileron inputs. Analysis and studies have also 
resulted in an alternate formulation of this directional time history 
criterion. The alternate form combines sideslip angle (low speed 
motion cue) and lateral acceleration (high speed motion cue) into 
an envelope of acceptability which resembles in its form the long- 
itudinal C* criterion. The expression used in the new criterion is 
given as, 

D» = An  + K0 B 
yp   3 

where the crossover gain (K_) combines the high and low speed parts 
in a similar manner as in the longitudinal case. 
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Comments on directional response due to rudder pedal inputs are 
desired in order to aid establishing the transient characteristics 
necessary for improved flight performance with use of rudder pedals. 

The goals of the lateral-directional documentation and testing are 
similar to those outlined for the longitudinal case; namely, to 
establish criteria which define handling qualities desired to provide 
improved mission mode performance, precision flying and guidance to 
control law developments. 

k.     INTER-AXIS COUPLING 

A decoupled aircraft will be simulated and evaluated by the pilots to 
determine the degree of acceptability and desirability of this type of 
control. Pilot comments on resulting flying qualities will be solicited. 

5. PROCEDURE 

The simulation tests being planned will consist of an evaluation phase in 
which the pilots familiarize themselves with the hybrid simulation setup, 
and a documentation phase during which performance data and pilot rating 
information will be collected for the configuration to be tested. 

a. Evaluation 

Evaluation of the hybrid simulation setup is being planned in order 
to obtain pilot information and comments which will be used to modify 
equipment prior to documentation phase. It is desired to familiarize 
the pilots with the above objectives as formulated into pilot tasks 
and missions modes to be tested. Several test runs will be made by 
each participating pilot as a means of exercising the overall problem 
mechanization with hybrid simulation equipment. 

b. Documentation 

All participating pilots will evaluate the same configuration 
characteristics. The degree to which the pilots can accomplish their 
tasks and fly the aircraft will be established through Cooper-Harper 
ratings (Table VI)and other performance scoring techniques. It is 
planned that each configuration will be tested during the simulated 
mission as detailed in Table V. 

It is the Intent of the simulation plan to use the defined mission as 
a basis from which repeated runs are performed and evaluation of 
numerous longitudinal and lateral-directional configurations is 
accomplished. The mission modes and pilot tasks remain unchanged from 
one run to the next, and only the three axes handling qualities are 
altered. 
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APPENDIX VII 

SIMULATION PILOTS' COMMENTS 

Pilots' comments reflecting assessment and evaluation of handling qualities 
as provided by each test configuration during fixed base man-in-the-loop 
simulations are included in this appendix in support of the documentation 
data presented in Section VII. 

1. GENERAL 

Comraents from participating pilots were combined into applicable groups 
of related evaluations describing a specific configuration. This was 
necessary since some pilots spent more time in the simulation program and 
were able to repeat some test configurations more often. It was felt 
that their position on the "learning curve" was higher and their comments 
more applicable than those from pilots who had difficulty distinguishing 
programmed differences due to limited exposure. This consideration does 
not alter the validity of the performance data obtained from all pilots 
but only combines the comments into individual test configuration groups. 

2. PILOT COMMENTS 

The following comments were provided by the pilots during their evalua- 
tion of the test configurations used in the simulation: 

a. Nominal (Reference) Configuration (See Figures 13 & l4) 

The airplane responses generally look pretty good. I had good con- 
trol in tracking the target. 1 did not see any tendency toward air- 
craft instability, or residual oscillations, or possible PIO. The 
airplane is stable. The harmony of control forces is fine. 

Additional Remarks 

One pilot commented adversely on the lateral-directional handling 
characteristics in those phases of the mission which involve any type 
of target tracking, that is in weapon delivery, ground attack, and 
air-to-air combat phases.  In these phases it was difficult for him 
to anticipate the magnitude and duration of the roll transient re- 
quired to correct a given azimuth error. Another pilot stated that 
the stick deflections, and forces, were a little high in these flight 
phases and this impaired his maneuvering capability. 

b. Time Delay Configurations 

o AT = 0.1 seconds 

This configuration is a little less sensitive than the nominal. 
It did not seem too uncomfortable for the small correction problem. 
If I over-exercised the longitudinal control I got myself in a PIO 
tendency which I think is due to the lag in the longitudinal con- 
trol system. However, I was able to track the target. 
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o AT = C 2l+ seconds 

Here it appears that the longitudinal response was decreased and 
it felt like more stick or more force or both were needed to do 
the maneuvering I wanted to do. The pitch response to command 
maneuvers was not quite as fast and that hurts in the air combat 
mode and it is annoying when you are trying to make large pitch 
changes to get into position for ground target. Although once you 
stabilize on the target and a heading, it does not seem to hurt 
your ability to stay there very much. The degradations noticed in 
the other aspects seem to be paramount and more critical in the 
air-to-air encounter. 

c. Time Constant Configurations 

o TL = 0.25 seconds 

This run looked a lot like the nominal configuration. I think the 
short period was fairly good but maybe the damping wts not as good 
as it could have been. A very minor problem with the PIG ten- 
dencies was noticeable during the first big correction, although 
the airplane seems to stabilize fairly well. 

TL = 0.50 seconds 

I did not notice any very significant changes from the previous 
configuration (TL ■ 0.25 seconds). I do not think we ar* changing 
anything very significantly. The response of the airplane is about 
the same in lateral and longitudinal axes. 

o TL = 1.0 seconds 

My impression was that the response was okay but the sensitivity 
was down. The airplane responded to a stick input immediately and 
there was not any particular problem Oi overshoot because of that. 
I thought that more stick deflection was required per g than, say, 
the nominal case. Although it did not really feel that way in the 
air combat mode, I was a little bit surprised that the air combat 
mode did not feel worse than it did. 

o T^ = 2.0 seconds 

The short period response was changed significantly. I could 
never get the attitude change per stick change that I wanted, the 
response Just was not fast enough. The stick force per g was 
probably also changed to a pretty high number. I was using 
longitudinal control from pretty much forward to quite a bit aft 
and I did not get that high g reading. The weapon delivery and 
ground attack were difficult because it was hard to pull the nose 
to the target and I think that is because the stick force per g 
was too high, although it might have been because the short per. od 
was slowed down. 
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d. Nonlinear Configurations 

o Ti = 1.25 seconds 

The pitch respom e was decreased but the instability or the PIO 
tencency was increased. I found it difficult to maintain good 
pitch tracking. In the air-to-air mode, I initially started out 
tracking pretty well, but then once it got away from me I never 
did get back in the ball park with it. I do not know whether that 
was piloting technique or what, but I Just could not seem to get 
it back on the target, once it got out of the initial tracking 
envelope. 

o Ti = 2.5 seconds 
11 

The pitch axis is lesr. sensitive than it has been, which aggravates 
making pitch corrections. There is too much stick deflection and 
force required for pitch ch?JTges. The air-to-air combat was un- 
satisfactory. I could not seem to pull the right amount of stick 
fore« to get the gun site on the target end to stabilize on the 
target, therefore I was overshooting both ways. 

TlL = 5-0 seconds 

The precise tracking tasks are not too bad because you do not have 
to make vei> large pitch corrections and it seems to respond okay 
to very small pitch corrections. But it is obvious that the re- 
sponse and sensitivity are terrible for large corrections and in 
the weapon delivery modes (WD and GA) it is difficult to get on 
target. Once you get on target it is not too bad. Air combat is 
impossible. The pitch channel is characterized by poor sensitiv- 
ity, poor response to large corrections, and a resulting overshoot 
when you make large pitch maneuvers. 

Higher Order Configurations 

o Configuration 1 with low amplitude and low damping. 

This configuration was pretty good for tracking; however, you get 
some tendency for the stick to oscillate and therefore for the 
airplane to oscillate after large pitch corrections. 

o Configuration 2 with intermediate amplitude and  low damping. 

I noticed stick oscillation present after corrective maneuvers. 
I could feel it when making any noticeable pitch corrections. You 
get a bit of residual stick oscillation and therefore airplane 
oscillation in pitch. I do not like it; however, I do net think 
it is going to show up much in scoring because it is controllable. 
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o C = 0.35 

That one had a nice short period, but the damping was not suffi- 
cient. I was getting some of that residual airplane oscillation 
after a small pitch correction. It was noticeable in dive delivery 
and ground attack, as you tried to get the pipper on the target. 
You could move the pipper there, but you could not stop it where 
you wanted to. The same thing happened in the air-to-air mode. 

o C = 0.1 

The longitudinal system is badly degraded. The damping is so bad 
that it is dangerous in all modes. The airplane could be flown 
but I Just could not do anything with it. Every time you release 
pressure on the stick, or change the pressure at all, you set off 
the airplane oscillation. It is very bad in all five modes. I 
thought maybe it would not be so bad in the air combat mode, where 
you are constantly pulling g's, but it turns out it is Just as bad 
there, because as soon as you change the stick force you set up 
the oscillation. 

f. Roll Response Configurations 
- 

o Tp = 0.1 seconds 

I did not notice much difference between this configuration and 
the nominal. The lateral control appeared to be slightly easier 
to handle this time, although it was a little bit choppy. Perhaps 
in a real airplane that would slam me around in the seat a little 
bit when I decided to quit rolling. 

o % ■ 0.5 seconds 

This configuration looked more like nominal than anything else to 
me. 

o Tp = 1.0 seconds 

The roll response was too low and the roll was not properly damped 
arid then when you centered the stick, the roll continued on for a 
little while. The large stick deflections make it pretty tough to 
do air combating. 

o Tp = !.5 seconds 

The whole airplane Just feels sluggish right now, with poor latera." 
response due to the large deflection required, although it is 
reafonatly stable. The lateral mode looks sloppy. It is not com- 
fortable.  It does not respond quite as quickly to the lateral 
stick deflection as the nominal airplane does. I can make a stick 
deflection and it will start rolling and wl.sn I stop the deflec- 
tion it will keep on rolling. 
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o Tp ■ 2.5 seconds 

This configuration has much poorer roll response, causing diffi- 
culties in making bank angle corrections. And when you try to 
roll out of the bank or neutralize thf controls, the airplane 
keeps rolling, so it ends up being very sloppy in re1!. It is 
difficult to make small bank angle corrections, because you have 
to use so much aileron and  then you end up overshooting, since it 
does not stop rolling when you want it to stop rolling. The roll 
response is much too low.  If you get the wings level at a point 
where you want them level, it tends to stay that way fairly well, 
because it requires a little more aileron input to roll off level, 
but it feels like a sloppier airplane generally. Most of the 
missions were difficult to perform. 

g. Adverse/Proverse Yaw Configurations 

o Adverse/Proverse Yaw Configuration #1 (cf. Figures 25 and 26) 

In this run the lateral and longitudinal matching was pretty good. 
The airplane was stable, and I did not see any significant undesir- 
able characteristics either in the airframe or in the control 
system. 

o Adverse/Proverse Yaw Configuration #2 (cf. Figures 25 and 26) 

This configuration looked pretty much the same as nominal. I did 
a few rudder kicl-s and so forth, looking for lateral-directional 
peculiarities, but I did not see anything unusual. I did not see 
any instability or residual stick or airplane oscillations. 

o Adverse/Proverse Yaw Configuration #3 (cf. Figures 25 and 26) 

I did not have any trov.Me changing directions and the roll re- 
sponse and damping looked pretty good. I would find it difficult 
to discriminate between this configuration and the nominal. The 
responses are okay and the aircraft stability is okay. 

o Adverse/Proverse Yaw Configuration Hh  (cf. Figures 25 and 26) 

This configuration appears to have a combination of t>oor lateral 
control and poor lateral-directional stability. The airplane 
seems very sloppy. I had a difficult time in LAHS, and even in 
the reconnaissance phase it was difficult to keep the wings level. 
In ground attack it was very difficult to stabilize on the target 
directionally. 

I 
o Adverse/Proverse Yaw Configuration #5 (cf. Figures 25 and 26) 

In LAHS I had a problem with delayed response and overshoot. It 
seemed that this configuration had a lower roll rate and more lag 
in roll than the nominal configuration. The problem was not as 
noticeable in weapons delivery, possibly because of the outside 
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reference. I had no problem in reconnaissance phase and only- 
minor problems in the strafing run. However, I had a definite 
problem in the air combat mode in tracking the target, which I 
attribute to the lag in the lateral system. 

h. Decoupled Configurations 

The pertinent parameter values used with each decoupled configuration 
are listed in Figure 22. 

o Decoupled Configuration 1 

The lateral response is down quite a bit in this configuration, 
as compared to nominal. Because of the slow lateral response it 
is difficult to make small lateral corrections without overshoot- 
ing, or to make them in time to really do any good. It is also 
more difficult to track the target with the slow lateral response 
and with the tendency to overshoot in this configuration. 

o Decoupled Configuration 2 

The lateral response in this configuration was faster than in the 
previous case (Decoupled Configuration 1}\  therefore it was easier 
to make lateral corrections in the LAHS phase. The weapons deliv- 
ery also seemed easy, and the reconnaissance mode was no problem. 
In the ground attack mode I first noticed a tendency to overcorrect 
laterally. It was some sort of lateral oscillation, or a sort of 
lateral PIO. It seemed like I was overcorrecting in both the 
ntrafing run and in the air combat mode. 

o Decoupled Configuration 3 

The slow roll rate response in this configuration made it a bit 
difficult to zero the needle as fast as I would like, but I did 
not tend to overshoot quite as much as in the previous configura- 
tion which had slow roll response (Decoupled Configuration l). 

In weapon delivery and reconnaissance I had no particular problem, 
except that in weapon delivery I had a little bit of a problem 
settling on the target. 

o Decoupled Configvration h 

In LAHS phase I liked the more positive lateral control on the 
needles. The dive bombing run and the reconnaissance phase were 
also okay. However, in the air-to-ground strafing and in the air 
combat I began to notice the lateral over-control tendency again. 
The roll response in this configuration seems to be the sort of 
response I like, except I do run into this over-controlling prob- 
lem when I have to moke large or moderately rapid corrections. 
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